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Abstract 
Naturally occurring cellulose can be used as a renewable resource for the sustainable 
production of platform chemicals such as itaconic acid. The biocatalytic conversion of 
cellulose is a very promising approach due to its high selectivity, mild conditions, and low 
exergy loss. However, such biocatalytic processes are still seldom applied at the industrial 
scale since the single conversion steps (pretreatment, hydrolysis, and fermentation) exhibit 
low efficiencies or high costs. To allow a knowledge-based optimization, each step was 
analyzed in detail within this thesis. Thereby, new (integrated) approaches and screening 
technologies were also established. 
 
To pretreat cellulose in an environmentally friendly manner, the non-hydrolyzing protein 
swollenin was applied. A new and efficient method to produce recombinant swollenin was 
established by using the robust yeast Kluyveromyces lactis. During the pretreatment of 
different cellulosic substrates, swollenin induced deagglomeration and decrystallization of 
cellulose. As a result, swollenin caused a significant decrease in particle size as well as in 
crystallinity of the cellulosic substrates, thereby substantially increasing their accessibility. 
Moreover, pretreatment with swollenin – even in non-saturating concentrations – significantly 
accelerated the subsequent cellulose hydrolysis. A correlation for hydrolysis rates based on 
particle size and crystallinity illustrated the hydrolysis-accelerating effect of swollenin. For 
the first time, it was quantified and elucidated in detail how swollenin affects relevant 
physical properties of cellulosic substrates and how it improves their subsequent hydrolysis. 
 
The efficiency of cellulose hydrolysis also depends on selecting optimal cellulases and 
hydrolysis conditions. To screen for these optimal parameters, practical cellulosic substrates 
and sophisticated cellulase assays are essential. Within this thesis, insoluble α-cellulose was 
found to be an excellent practical substrate to screen and characterize cellulase adsorption and 
activity. At first, a reproducible purification method was established to prepare the major 
cellulases from Trichoderma reesei with high purity. The adsorption isotherms and kinetics of 
these cellulases were modeled and analyzed in detail by using α-cellulose. The activities of all 
purified cellulases were determined, and a semi-mechanistic model was developed to 
precisely predict the kinetics of cellulose hydrolysis. Moreover, optimal hydrolysis conditions 
(pH, temperature, and hydrodynamics) were identified. Here, it was shown for the first time 
how different hydrodynamic conditions affect cellulase adsorption as well as the correlation 
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between the adsorption and the activity of cellulases. In particular, the complete suspension of 
cellulose particles was ensured in order to optimize cellulase adsorption and activity. 
 
Up to now, most cellulase assays are slow, tedious, or based on artificial soluble substrates 
that do not reflect real insoluble cellulose. Here, the first sophisticated cellulase assay was 
developed which simultaneously combines high-throughput, online analysis, and insoluble 
cellulose in one simple system. This assay is based on the BioLector, which monitors the 
scattered light intensities of cellulose suspensions in a continuously shaken microtiter plate. 
By using the BioLector, cellulase activities towards different insoluble cellulosic substrates 
were quantified. At low cellulase/cellulose ratios, the determined Michaelis-Menten 
parameters were mainly affected by cellulose crystallinity; at high ratios, the cellulose particle 
size was the key determining factor. Moreover, cellulase adsorption and the non-hydrolytic 
deagglomeration of cellulose were studied using the BioLector. In conclusion, the developed 
assay will considerably simplify and accelerate fundamental research on cellulase screening. 
 
As yet, itaconic acid has solely been produced by separate fermentations necessitating directly 
fermentable carbon sources such as glucose. Here, the first integrated process was presented 
to directly convert cellulose to itaconic acid via simultaneous saccharification and 
fermentation (SSF). In just one SSF step, α-cellulose was hydrolyzed by cellulases, and the 
released glucose was simultaneously converted to itaconic acid by the fungus Ustilago maydis. 
It was shown that the enzymatic cellulose hydrolysis can be performed under SSF conditions. 
Moreover, an inhibitory effect of itaconic acid on the cellulases could be disproved. The SSF 
was comprehensively analyzed and compared with an ordinary batch fermentation using 
glucose as sole carbon source. During SSF, the cellulose was almost completely hydrolyzed, 
and the itaconic acid yield was comparable to that of the batch fermentation. 
 
Within this thesis, a detailed understanding of the biocatalytic conversion of cellulose to 
itaconic acid was generated. Not only all essential conversion steps were investigated in detail, 
but also novel (integrated) approaches as well as technologies were developed. In the future, 
the conversion steps need to be further harmonized, and (in-situ) product recovery should be 
implemented, as well as the recycling of water, cellulases, microorganisms, and unconverted 
cellulose. Moreover, cellulases and microorganisms need to be improved and adapted to 
integrated process configuration such as SSF. In conclusion, the results presented within this 
thesis are the fundamental basis for a further knowledge-based improvement and pave the 
way for an economically feasible production process converting cellulose to itaconic acid. 
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Kurzfassung 
Biokatalytische Umwandlung von Cellulose zu Itaconsäure 
Cellulose ist ein natürlicher, nachwachsender Rohstoff, der für die nachhaltige Produktion 
von Plattformchemikalien (z.B. Itaconsäure) verwendet werden kann. Die biokatalytische 
Umwandlung von Cellulose stellt dabei eine äußerst vielversprechende Prozessvariante dar, 
die sowohl hohe Selektivität, niedrige Exergieverluste als auch milde Reaktionsbedingungen 
vereinigt. Solche biokatalytischen Prozesse werden allerdings selten industriell umgesetzt, da 
die einzelnen Umwandlungschritte (Vorbehandlung, Hydrolyse, Fermentation) eine geringe 
Effizienz oder hohe Kosten aufweisen. Um diese Umwandlungschritte gezielt optimieren zu 
können, wurde im Rahmen der vorliegenden Arbeit jeder dieser drei Schritte ausführlich 
untersucht. Des Weiteren wurden dabei neue (integrierte) Verfahren und 
Screeningtechnologien entwickelt. 
 
Um die Cellulose vorzubehandeln, wurde das nicht-hydrolytische Protein Swollenin 
eingesetzt. Das dafür benötigte Swollenin konnte mit Hilfe der Hefe Kluyveromyces lactis in 
einem neuen und effizienten Expressionsverfahren rekombinant hergestellt werden. Während 
der Vorbehandlung von verschiedenen cellulosehaltigen Substraten induzierte Swollenin eine 
Deagglomeration und Dekristallisation der Cellulose. Hierbei konnte sowohl eine signifikante 
Reduktion der Partikelgröße und der Kristallinität als auch eine deutliche Steigerung der 
Cellulosezugänglichkeit nachgewiesen werden. Außerdem führte die Vorbehandlung mit 
Swollenin zu einer signifikanten Beschleunigung der anschließenden enzymatischen 
Cellulosehydrolyse. Die gesteigerten Hydrolyseraten konnten eindeutig auf die von Swollenin 
induzierten Effekte zurückgeführt werden, indem die Hydrolyseraten mit der Partikelgröße 
und der Kristallinität von Cellulose korreliert wurden. Folglich wurde somit zum ersten Mal 
quantitativ nachgewiesen, wie Swollenin die physikalischen Eigenschaften von Cellulose 
beeinflusst und deren nachfolgende Hydrolyse steigert. 
 
Die Effizienz der enzymatischen Cellulosehydrolyse hängt des Weiteren maßgeblich von der 
Wahl geeigneter Cellulasen und geeigneter Hydrolysebedingungen ab. Um diese zu ermitteln, 
müssen sowohl praxisnahe cellulosehaltige Substrate als auch fortschrittliche 
Analyseverfahren eingesetzt werden. Innerhalb dieser Arbeit konnte α-Cellulose als 
hervorragendes praxisnahes Substrat identifiziert werden, um die Adsorption und die 
Aktivität von gereinigten Cellulasen zu untersuchen. Um zunächst gereinigte Cellulasen zu 
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erhalten, wurde eine neue und reproduzierbare Reinigungsmethode entwickelt. Mit Hilfe 
dieser Methode konnten verschiedene Cellulasen (Cellobiohydrolasen und Endoglucanasen) 
von Trichoderma reesei isoliert werden. Anschließend wurden die Adsorptionsisothermen 
und Adsorptionskinetiken dieser Cellulasen modelliert und ausführlich analysiert. Die 
Aktivitäten der Cellulasen wurden ebenfalls bestimmt. Basierend auf diesen Versuchen 
konnte ein semi-mechanistisches Modell entwickelt werden, um die Kinetik der 
Cellulosehydrolyse präzise vorauszusagen. Des Weiteren wurden die optimalen Bedingungen 
(pH-Wert, Temperatur, Hydrodynamik) für die Hydrolyse von α-Cellulose ermittelt. Dabei 
konnte zum ersten Mal gezeigt werden, wie verschiedene hydrodynamische Zustände sowohl 
die Cellulaseadsorption als auch die Korrelation von Adsorption und Aktivität beeinflussen. 
Die vollständige Suspension der Cellulosepartikel musste insbesondere gewährleistet werden, 
um eine optimale Cellulaseadsorption und -aktivität zu erzielen.  
 
Die meisten derzeit angewandten Analyseverfahren für Cellulasen sind langwierig, 
arbeitsaufwendig oder basieren auf artifiziellen wasserlöslichen Substraten, die die reale 
unlösliche Cellulose nicht korrekt abbilden können. Im Rahmen dieser Arbeit wurde jedoch 
das erste Analyseverfahren für Cellulasen entwickelt, welches Hochdurchsatzscreening, 
Online-Analytik und den Einsatz unlöslicher Cellulose in einem einfach zu bedienenden 
System vereinigt. Dieses Verfahren basiert auf dem BioLector, mit dem die 
Streulichtintensität von Cellulosesuspensionen in einer kontinuierlich geschüttelten 
Mikrotiterplatte gemessen werden kann. Mit Hilfe des BioLectors konnten 
Cellulaseaktivitäten gegenüber verschiedenen unlöslichen Cellulosevarianten quantifiziert 
werden. Entsprechend des verwendeten Cellulase/Cellulose-Verhältnisses, waren die 
Cellulaseaktivitäten und abgeleiteten Michaelis-Menten-Parameter entweder durch die 
Kristallinität oder die Partikelgröße der Cellulose limitiert. Des Weiteren konnten die 
Cellulaseadsorption und die nicht-hydrolytische Deagglomeration von Cellulose im BioLector 
untersucht werden. Schließlich weist das entwickelte Analyseverfahren das Potential auf, um 
die Charakterisierung und das Screening von Cellulasen deutlich zu vereinfachen und zu 
beschleunigen. 
  
Itaconsäure wurde bisher lediglich mit konventionellen Fermentationen hergestellt, die auf 
direkt fermentierbaren Kohlenstoffquellen wie Glucose basieren. Im Rahmen dieser Arbeit 
wurde jedoch der erste integrierte Prozess entwickelt (SSF, „simultaneous saccharification 
and fermentation“), mit dem Cellulose direkt zu Itaconsäure umgewandelt werden kann. 
Während dieses SSF-Prozesses wurde die Cellulose durch Cellulasen hydrolysiert und die 
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resultierende Glucose simultan von dem Pilz Ustilago maydis zu Itaconsäure umgewandelt. 
Hierbei wurde nachgewiesen, dass die enzymatische Cellulosehydrolyse auch unter den 
Bedingungen eines SSF durchgeführt werden kann und die Cellulasen durch das Produkt 
Itaconsäure nicht inhibiert werden. Der SSF-Versuch wurde umfassend analysiert und mit 
einer konventionellen Batch-Fermentation auf Basis von Glucose verglichen. Während des 
SSF wurde die Cellulose fast vollständig hydrolysiert und eine mit der konventionellen 
Fermentation vergleichbare Itaconsäureausbeute erreicht. 
 
Im Rahmen dieser Dissertation wurde ein grundlegendes Verständnis für die biokatalytische 
Umwandlung von Cellulose zu Itaconsäure generiert. Dabei wurden nicht nur alle essentiellen 
Umwandlungsschritte detailliert untersucht, sondern auch innovative (integrierte) Verfahren 
und Technologien entwickelt. In zukünftigen Arbeiten müssen die Umwandlungsschritte 
weiter aufeinander abgestimmt und die (in-situ) Reinigung der Itaconsäure als finaler 
Prozessschritt implementiert werden. Das Recycling von Wasser, Cellulasen, 
Mikroorganismen und restlicher Cellulose sollte ebenfalls ein Schwerpunkt zukünftiger 
Forschung sein. Um die Ausbeute und Produktivität des gesamten Prozesses zu erhöhen, 
müssen die Biokatalysatoren optimiert und an die Bedingungen von integrierten 
Prozessschritten (z.B. SSF) angepasst werden. Das im Rahmen dieser Arbeit generierte 
Verständnis bildet schließlich die Grundlage, um weitere Verbesserung zu erzielen und einen 
ökonomischen Prozess zur Umwandlung von Cellulose zu Plattformchemikalien zu 
etablieren. 
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Nomenclature 
Abbreviations 
a.u. arbitrary units 
AGU anhydroglucose units 
BCA bicinchoninic acid 
BSA bovine serum albumin 
CBH cellobiohydrolase 
CBP consolidated bioprocessing 
CMC carboxymethyl cellulose 
DNS dinitrosalicylic acid 
DoE U.S. Department of Energy 
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NBT/BCIP  nitro blue tetrazolium / 5-bromo-4-chloro-3-indolyl phosphate 
PAHBAH p-hydroxybenzoic acid hydrazide 
Nomenclature  XII 
PBST phosphate buffered saline containing Tween-20 
rpm rounds per minute  
RAMOS respiration activity monitoring system 
SDS sodium dodecyl sulfate 
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SHCF separate hydrolysis and co-fermentation 
SSF simultaneous saccharification and fermentation 
SSCF simultaneous saccharification and co-fermentation 
TMFB tailor-made fuels from biomass 
XRD X-ray diffraction 
YPGal medium containing yeast extract, peptone and galactose 
 
Roman Symbols 
a non-linear Gaussian cumulative function parameter [-] 
A  adsorbed protein  [µmolprotein/gcellulose]* 
AEQ  adsorbed protein at equilibrium [µmolprotein/gcellulose]* 
Amax  maximum protein adsorption [µmolprotein/gcellulose]* 
Apre pre-exponential factor [1/s] 
b non-linear Gaussian cumulative function parameter [-] 
c non-linear Gaussian cumulative function parameter [-] 
C cellulose concentration [g/L] 
C0 initial cellulose concentration [g/L] 
CrI crystallinity index [%] 
d non-linear Gaussian cumulative function parameter [-] 
d0 shaking diameter [mm] 
Nomenclature  XIII 
dP geometric mean particle size [µm] 
DP degree of polymerization [AGU] 
DPw  weight-average apparent degree of polymerization  [AGU] 
Dt  inner tube diameter  [mm] 
e non-linear Gaussian cumulative function parameter [-] 
E free protein concentration  [µmolprotein/L]* 
E0 initial protein concentration [µmolprotein/L]* 
Ead adsorbed protein concentration  [µmolprotein/L]* 
Ead,EQ adsorbed protein concentration at equilibrium [µmolprotein/L]* 
EA activation energy [kJ/mol] 
f non-linear Gaussian cumulative function parameter [-] 
g non-linear Gaussian cumulative function parameter [-] 
I002  maximum intensity of crystalline plane reflection [1/s] 
IAM  XRD scattering at 18° (amorphous) in cellulose-I  [1/s] 
kad  pseudo-first-order adsorption rate constant  [1/s] 
kcat,app  apparent turnover number [1/s] 
Ka  acid dissociation constant [mol/L] 
KA association constant  [L/µmolprotein]* 
KD dissociation constant  [µmolprotein/L]* 
Ki inhibition constant [g/L] 
KM,app apparent Michaelis constant [g/L] 
n shaking frequency [rpm] 
ncrit  critical shaking frequency for liquid mixing  [rpm] 
OTR oxygen transfer rate [mmol/(L·h)] 
p probability for significant scores (protein matching) [-] 
Nomenclature  XIV 
pKa  negative logarithm of acid dissociation constant [-] 
P reducing sugar concentration [g/L] 
Pglucose glucose concentration [g/L] 
R ideal gas constant [J/(mol·K)] 
R2  coefficient of determination [-] 
T temperature [°C] or [K] 
t time [s] 
V cellulase activity [g/(L·h)] 
VL total filling volume [mL] 
Vmax,app apparent maximum cellulase activity [g/(L·h)] 
VpH,optimal cellulase activity at optimal pH value [g/(L·h)] 
YP/S product yield of itaconic acid [gIA/gglucose] 
 or [gIA/gcellulose] 
 
*
 Instead of molar amounts, mass units can be applied. The correlation is based on the 
molecular masses of the respective proteins. 
 
Greek Symbols 
θ diffraction angle       [°] 
λ wavelength       [Å] or [nm] 
ρL liquid density       [kg/L] 
σ surface tension       [N/m] 
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1 Introduction 
1.1 Lignocellulose: Production Rates and Structure  
Plants use solar energy to convert carbon dioxide and water into carbohydrate building blocks 
(CH2O)n and oxygen (Huber et al., 2006; Kaltschmitt et al., 2009). This process – known as 
photosynthesis – allows the (photo-)autotrophic growth of plants. The production rates of dry 
plant biomass are about 150 billion tons/year (Eisenbeiß and Wagner, 2006; Graziani and 
Fornasiero, 2006; Zhang et al., 2006), and the world’s plant biomass is about 2000 billion 
tons (Graziani and Fornasiero, 2006). Since lignocellulose is the main component of dry plant 
biomass, it is the most abundant and renewable organic resource on earth (Bhat and Bhat, 
1997; Zhang and Lynd, 2004). Lignocellulose can be found within plant cell walls and 
generally consists of cellulose, hemicellulose, and lignin (Lynd et al., 2002). Although the 
composition of lignocellulose strongly depends on the type and origin of the particular plant 
biomass, the average proportions are as follows (Jorgensen et al., 2007; Kumar et al., 2009; 
Lynd et al., 2002): 35-50% (w/w) cellulose, 20-35% (w/w) hemicellulose, and 
5-30% (w/w) lignin.  
 
Cellulose – the main component of lignocellulose – is a linear polymer or chain of  
D-anhydroglucose molecules linked together by β-1,4-glycosidic bonds (Figure 1-1A). The 
D-anhydroglucose (C6H10O5) molecules result from condensation reactions of D-glucose 
(C6H12O6). Each cellulose chain has a reducing end and a non-reducing end (Figure 1-1A) 
(Klemm et al., 2005). At the reducing end, the terminal hemiacetal is in equilibrium with the 
open-ring form, thereby revealing the reducing aldehyde group (Klemm et al., 2005). At the 
non-reducing end, the ring opening is prevented, since the C1-OH group in the hemiacetal is 
involved in the β-1,4-glycosidic bond (Mosier et al., 1999). Since adjacent D-anhydroglucose 
molecules are rotated by 180° to their neighbors (Zhang and Lynd, 2004), anhydrocellobiose 
is the structural repeating unit of cellulose (Figure 1-1A). As a consequence of this rotation, 
each side of the cellulose chain has the same number of hydroxyl groups, thereby leading to a 
symmetrical and linear structure (Zhang and Lynd, 2004). Based on this structure, hydrogen 
bonds and van der Waal’s forces can be formed between individual cellulose chains (Zhang 
and Lynd, 2004). Around 30 parallel cellulose chains are assembled into larger units called 
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elementary fibrils or protofibrils (Figure 1-1B) (Lynd et al., 2002). These elementary fibrils 
are further arranged into microfibrils (Figure 1-1C) (Lynd et al., 2002; Somerville et al., 
2004). Here, the parallel alignment and the extensive number of intra- and intermolecular 
hydrogen bonds lead to a highly organized and crystalline structure (Mansfield et al., 1999; 
Zhang and Lynd, 2004). Within this structure, the cellulose is tightly packed, and the 
penetration of enzymes or even smaller molecules (such as water) is prevented (Lynd et al., 
2002). In most cases, however, cellulose does not occur in a completely crystalline form. 
Thus, microfibrils consist of crystalline and amorphous regions (Figure 1-1C) (Lynd et al., 
2002; Mansfield et al., 1999). Moreover, cellulose microfibrils are further arranged into 
macrofibrils (fibers) (Figure 1-1D) (Lynd et al., 2002). To stabilize this final supramolecular 
structure, the smaller microfibrils are embedded in a matrix of hemicellulose and lignin 
(Bidlack et al., 1992; Ganan et al., 2008; Lynd et al., 2002; Mansfield et al., 1999; Somerville 
et al., 2004). 
 
 
Figure 1-1:  Structure of cellulose and its association with hemicellulose and lignin (lignocellulose). 
Structural classifications (A, B, C, D) are described in Chapter 1.1. 
 
Hemicellulose is an amorphous polysaccharide consisting of pentoses (usually xylose and 
arabinose) and hexoses (usually galactose, glucose, and mannose) (Hamelinck et al., 2005; 
Huber et al., 2006; Mosier et al., 2005; Shallom and Shoham, 2003; van Zyl et al., 2007). It 
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forms hydrogen bonds with cellulose and surrounds the individual microfibrils (Figure 1-1D) 
(Bidlack et al., 1992; Mosier et al., 2005; Shallom and Shoham, 2003; Somerville et al., 
2004). By contrast, lignin is a highly branched polyaromatic compound consisting mainly of 
paracoumaryl, coniferyl, and sinapyl alcohols (Huber et al., 2006). It covalently bonds to 
hemicellulose and, thereby, connects the individual complexes, made of microfibrils and 
hemicellulose, with each other (Figure 1-1D) (Bidlack et al., 1992; Lynd et al., 2002; Shallom 
and Shoham, 2003; Zhang and Lynd, 2004). Finally, the tight packing of cellulose and its 
association with hemicellulose and lignin lead to the mechanical stability of lignocellulose 
(and plant cells) and hinder its degradation via chemicals, enzymes, or plant pathogens 
(Bidlack et al., 1992; Bresinsky et al., 2008; Weiler and Nover, 2008). 
 
To describe the structure of (ligno-)cellulose, several physical properties have been defined. 
Aside from the amount of hemicellulose and lignin, these properties, in particular, are (Lynd 
et al., 2002; Zhang and Lynd, 2004; Zhang et al., 2006): degree of polymerization (DP), 
accessibility, and crystallinity. The degree of polymerization describes the average length of 
the cellulose chains and is given by the number of repeating D-anhydroglucose units (AGU) 
(Zhang and Lynd, 2004). Accessibility reflects the total surface area available for direct 
physical contact between cellulose and other substances. It is generally determined by 
cellulose particle size (external surface area) and the porosity of cellulose (internal surface 
area) (Chandra et al., 2007; Chandra et al., 2008). Furthermore, crystallinity is a relevant 
physical property describing the percentage of crystalline regions. Here, it should be noted 
that crystallinity may also affect cellulose accessibility (Arantes and Saddler, 2011; Chandra 
et al., 2007; Park et al., 2010). Up to now, however, their relationship has not been clearly 
elucidated (Chandra et al., 2007; Ramos et al., 1993). 
1.2 Platform Chemicals from Lignocellulose 
Because of its high availability and sustainability (Chapter 1.1), lignocellulose is a promising 
resource for the sustainable production of platform chemicals (Himmel et al., 1999; Himmel 
et al., 2007; Himmel and Bayer, 2009; Huber et al., 2006; Kaltschmitt et al., 2009; Lynd et al., 
1999; Marquardt et al., 2010; Peralta-Yahya and Keasling, 2010). These platform chemicals 
can be converted to valuable products such as fine chemicals, polymers, or fuels (Werpy and 
Petersen, 2004). In 2004, the U.S. Department of Energy (DoE) published a study about the 
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top value-added platform chemicals from starch, cellulose, and hemicellulose – lignin was not 
initially included (Werpy and Petersen, 2004). Starting from a list of more than 300 platform 
chemicals, the DoE screened for those candidates meeting the following criteria: (1) 
economical production from starch, cellulose, or hemicellulose via biological or chemical 
reaction steps, and (2) large potential for further conversion to valuable products. By using an 
iterative review process based on raw material costs, processing costs, complexity of 
processing pathways, selling prices, market potentials, chemical functionalities, and potential 
uses, the top twelve value-added platform chemicals were finally chosen (Table 1-1). 
Moreover, it should be noted that the DoE published an additional study about the potential 
chemicals from lignin (Bozell et al., 2007). However, these chemicals are not addressed 
within this section, since there is no consensus regarding the use of lignin at industrial scale 
(burning or conversion) (Bozell et al., 2007).   
 
Table 1-1:  Top twelve value-added platform chemicals from starch, cellulose, and hemicellulose. 
Number of carbon atoms [-] Platform chemicalsa 
3 glycerol, 3-hydroxy propionic acid 
4  aspartic acid, 1,4-dicarboxylic acidsb,c, 3-hydroxybutyrolactone 
5 glutamic acid, itaconic acid, levulinic acid, xylitol/arabinitolc 
6 glucaric acid, sorbitol, 2,5-furan dicarboxylic acid  
a
 According to Werpy and Petersen (2004). 
b
 This term includes succinic acid, malic acid, and fumaric acid. 
c
 These molecules have been grouped because of the potential synergy related to their structures.  
 
As shown in Table 1-1, platform chemicals with three to six carbon atoms were selected. This 
can be explained by the sugar focus of the DoE study, thereby limiting the opportunities for 
value-added chemicals with more than six carbon atoms (Werpy and Petersen, 2004). 
Moreover, platform chemicals with multiple functional groups were chosen, since these 
substances have a much larger potential for further conversion into useful derivatives than 
substances with one functional group (Werpy and Petersen, 2004). Consequently, compounds 
with two carbon atoms, such as acetic acid or ethanol, were not considered because of their 
low chemical functionality. According to Table 1-1, some platform chemicals have been 
grouped together because of the potential synergy related to their structures. These candidate 
groups are xylitol/arbinitol and the 1,4-dicarboxylic acids (succinic acid, malic acid, and 
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fumaric acid). For each of the twelve platform chemicals, different pathways for further 
conversion and a number of potential derivates can be found in the DoE study (Werpy and 
Petersen, 2004).  
 
In particular, a promising platform chemical is itaconic acid (methylene butanedioic acid) –  
a white crystalline unsaturated dicarboxylic acid (Figure 1-2) (Willke and Vorlop, 2001). 
Because of its high number of functional groups (methylene, carboxyl, and hydroxyl groups), 
a significant market opportunity for the production of established or novel products from 
itaconic acid exists (Werpy and Petersen, 2004). For example, itaconic acid can be applied as 
an additional monomer in styrene-butadiene heteropolymers (synthetic rubber) which are used 
in detergents and emulsion paints as well as in the fiber, pharmaceutical, and herbicide 
industries (Bressler and Braun, 2000; Werpy and Petersen, 2004). Furthermore, itaconic acid 
can be transformed to the potential biofuel 3-methyltetrahydrofuran (3-MTHF) (Geilen et al., 
2010; Marquardt et al., 2010).  
 
 
Figure 1-2:  Structural formula of itaconic acid (C5H6O4). 
 
Although the DoE included starch as a possible resource for the production of platform 
chemicals (Werpy and Petersen, 2004), it should be noted that the use of starch (as well as 
sucrose) comprises serious disadvantages (Palatinus et al., 2007; Pfennig, 2007; Somerville et 
al., 2010): (1) depletion of edible resources (competition with the food chain), and (2) 
conversion of only a small fraction of the plant material (in particular for wheat or corn). In 
the future, lignocellulose should be used as an alternative resource for the production of 
platform chemicals. Thereby, no interference with the food chain occurs, and the entire plant 
can be used (Palatinus et al., 2007; Pfennig, 2007; Somerville et al., 2010).  
1.3 Non-selective / Selective Conversion of Lignocellulose  
In order to convert lignocellulose to platform chemicals, two different approaches can be 
performed (Huber et al., 2006; Marquardt et al., 2010): (1) non-selective conversion or (2) 
selective conversion (Figure 1-3).  
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In the case of the non-selective conversion, the highly functionalized lignocellulose is 
completely degraded by gasification into C1 building blocks such as CO and CH4 (Figure 1-3) 
(Huber et al., 2006; Huber and Dumesic, 2006; Marquardt et al., 2010). Afterwards, these 
building blocks are reassembled into the desired platform chemicals by, for example, Fischer-
Tropsch synthesis. This non-selective approach can process different kinds of biomass 
simultaneously (such as lignocellulose, oil, and starch) (Marquardt et al., 2010). However, it 
requires capital-intensive large-scale plants and high-temperature treatments (greater than  
500 °C). Moreover, it annihilates nature’s synthesis power and, therefore, leads to high losses 
of exergy which has been initially stored within the biomass (Marquardt et al., 2010). 
 
 
Figure 1-3:  Approaches for the non-selective and selective conversion of lignocellulose to platform 
chemicals. 
 
For the selective approach, lignocellulose is selectively depolymerized to its monomers 
without significant degradation (Figure 1-3). Afterwards, the resulting monomers are 
refunctionalized into the desired platform chemicals. In contrast to the conventional non-
selective approach, conversion reactions are performed under mild conditions, and nature’s 
synthesis power is preserved to a maximum extent (Huber et al., 2006; Marquardt et al., 
2010). Therefore, the selective approach offers the chance to establish processes with higher 
carbon efficiency and lower exergy loss. Since highly selective catalysts need to be applied 
during such processes, only one type of biomass can be converted at one time (Huber et al., 
2006). Up to now, different types of catalysts have been applied for the selective conversion 
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(depolymerization and refunctionalization) of lignocellulose: chemocatalysts (Michels and 
Wagemann, 2010; Rinaldi et al., 2008; vom Stein et al., 2010; vom Stein et al., 2011), 
enzymes (Himmel et al., 2007; Zhang and Lynd, 2004), microorganisms (Stephanopoulos, 
2007), or combinations of these (Rinaldi et al., 2010; Yanase et al., 2010). However, this 
work focuses on the selective and biocatalytic conversion of lignocellulose by using enzymes 
and microorganisms. 
1.4 Biocatalytic Conversion of Lignocellulose  
In general, the biocatalytic conversion of lignocellulose to valuable products, such as platform 
chemicals, consists of four major processing steps (Huber et al., 2006; Mosier et al., 2005; 
Wyman, 2004): pretreatment, hydrolysis, fermentation, and product recovery (Figure 1-4).  
 
 
Figure 1-4:  Scheme of the selective and biocatalytic conversion of lignocellulose. 
 
Pretreatment is required to open up the recalcitrant structure of lignocellulose (Chapter 1.1). 
Hence, the carbohydrate fractions (cellulose and hemicellulose) are more accessible, and their 
subsequent hydrolysis to monomeric sugars can be achieved more rapidly and with greater 
yields (Hamelinck et al., 2005; Mosier et al., 2005). Depending on the applied pretreatment 
technique and its driving force/catalyst (energy, chemicals, or biocatalysts), hemicellulose is 
already hydrolyzed, and lignin can be removed (Figure 1-4) (Hamelinck et al., 2005; Mosier 
et al., 2005; Olofsson et al., 2008).  
 
After pretreatment, hydrolysis is the processing step that converts the carbohydrate fractions 
(cellulose and non-hydrolyzed hemicellulose) into their monomeric sugars (Figure 1-4). 
According to the composition of cellulose and hemicellulose (Chapter 1.1), hexoses (such as 
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glucose, galactose, and mannose) and pentoses (such as xylose and arabinose) result from 
hydrolysis. In general, the hydrolysis reaction can be catalyzed by enzymes or acids such as 
sulfuric acid (Huber et al., 2006). In the case of enzymatic hydrolysis, cellulose and 
hemicellulose are hydrolyzed by cellulases and hemicellulases, respectively (Lynd et al., 
2002; Mosier et al., 2005; Zhang and Lynd, 2004). When performing the chemical hydrolysis 
of cellulose, undesired by-products including 5-hydroxymethylfurfural (HMF) and levulinic 
acid result from acid-catalyzed sugar degradation, which in turn can lead to glucose yields 
less than 70% (Huber et al., 2006). By contrast, the enzymatic hydrolysis can produce glucose 
yields above 95% and is, thus, often superior to the sole chemical hydrolysis (Huber et al., 
2006). 
 
After hydrolysis, the resulting sugars are fermented to the desired product (Figure 1-4). 
Because the cost-effectiveness of a lignocellulose-based process depends critically on the 
yield of sugar conversion to the final product (Stephanopoulos, 2007), all sugars (both 
hexoses and pentoses) need to be converted (Lynd et al., 2002; Mosier et al., 2005). For 
example, Aspergillus terreus or Ustilago maydis utilize both hexoses and pentoses (Kautola et 
al., 1985; Kurz and Ericson, 1962; Matsushima and Klug, 1958), and they are able to produce 
itaconic acid (Guevarra and Tabuchi, 1990; Kautola et al., 1985; Kobayashi, 1978; Willke and 
Vorlop, 2001). In addition, the applied microorganism must tolerate potentially inhibitory 
compounds generated during pretreatment (Lynd et al., 2002). Such compounds arise from 
the release of additional substances present in plant biomass (e.g. organic acids and 
extractives), degradation of carbohydrates to undesired by-products (e.g. furfurals), or 
corrosion leading to the release of inorganic ions (Lynd et al., 2002). Here, the actual amount 
of generated inhibitors depends greatly on the type of plant biomass and the pretreatment 
conditions.  
 
Whereas molecular structures were changed during pretreatment, hydrolysis, and fermentation 
(conversion steps), the last processing step aims to recover the final product from the 
fermentation broth (Figure 1-4). Depending on the product and the impurities of the 
fermentation broth, one of the following unit operations can be generally applied (Chmiel et 
al., 2011): adsorption, chromatography, distillation, extraction, membrane separation, 
precipitation/crystallization, or combinations of these. For example, itaconic acid can be 
purified via extraction, crystallization, or membrane separation (electrodialysis) (Wasewar et 
al., 2011; Willke and Vorlop, 2001). Residuals – such as enzymes, microorganisms, non-
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hydrolyzed cellulose, and non-hydrolyzed hemicellulose – end up during product recovery 
(Figure 1-4) (Mosier et al., 2005). Moreover, lignin is an additional residual accumulating 
during product recovery or pretreatment (Huber et al., 2006). If the energy demand for drying 
these residuals is relatively low, they can be burned to power the process (Mosier et al., 
2005). Alternatively, some of these residuals can be converted to valuable co-products (Bozell 
et al., 2007; Mosier et al., 2005). In the case of lignin, no efficient biocatalytic conversion has 
been developed so far (Marquardt et al., 2010). However, several researches have screened 
and characterized first enzymes capable of depolymerizing lignin (Arora et al., 2002; 
Dashtban et al., 2010; Ruiz-Duenas and Martinez, 2009). Although product recovery is an 
essential part for the biocatalytic conversion of lignocellulose, this work focuses on 
pretreatment, hydrolysis, and fermentation. In the following chapters, these conversion steps 
will be further discussed.  
1.4.1 Pretreatment 
As described in Chapter 1.4, the general task of pretreatment is to open up the recalcitrant 
structure of lignocellulose (Chapter 1.1) and to make cellulose as well as hemicellulose more 
accessible. Thus, enzymes can effectively penetrate into the carbohydrate network, and both 
carbohydrates are hydrolyzed more rapidly and with greater yields (Hamelinck et al., 2005; 
Mosier et al., 2005). In general, the optimal pretreatment technique should have the following 
effects (Alvira et al., 2010; Chandra et al., 2007; Chandra et al., 2008; Hamelinck et al., 2005; 
Kumar et al., 2009; Mosier et al., 2005): (1) disaggregation of cellulose, hemicellulose, and 
lignin, (2) prehydrolysis of hemicellulose, (3) removal of lignin, (4) increase in cellulose 
accessibility (total surface area) by decreasing cellulose particle size and increasing the 
porosity of cellulose, (5) reduction in cellulose crystallinity, and (6) reduction in the degree of 
polymerization. Moreover, pretreatment should meet the following requirements (Chandra et 
al., 2007; Kumar et al., 2009): (1) no degradation or loss of carbohydrates, (2) no formation of 
by-products that inhibit subsequent hydrolysis or fermentation, (3) low capital and operating 
costs, and (4) applicability on a wide range of lignocellulosic materials. Up to now, no 
pretreatment technique can provide all of the desired effects and meet all the aforementioned 
requirements. Nevertheless, all developed pretreatment techniques disaggregate lignocellulose 
and increase cellulose accessibility (Mosier et al., 2005). Moreover, most pretreatment 
techniques already hydrolyze hemicellulose (Hamelinck et al., 2005; Mosier et al., 2005; 
Olofsson et al., 2008). 
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Over time, different pretreatment techniques have been developed which can be classified as 
follows (Galbe and Zacchi, 2007; Kumar et al., 2009): physical (e.g. milling, grinding), 
physicochemical (e.g. steam explosion, ammonia fiber explosion), chemical (e.g. acid or 
alkaline hydrolysis, organic solvents, ionic liquids), biological, electrical methods, or 
combinations of these methods. Unfortunately, some of these techniques require expensive 
equipment, harsh conditions, and high energy input (Kumar et al., 2009). By contrast, in the 
recent years, non-hydrolyzing proteins have been investigated that pretreat cellulosic 
substrates under mild conditions (Arantes and Saddler, 2010; Hall et al., 2011). After the 
regular pretreatment of lignocellulose, these non-hydrolyzing proteins can be added during 
hydrolysis (Baker et al., 2000), or they can be utilized in a second pretreatment step in which 
cellulose is the substrate (Hall et al., 2011). Although, these non-hydrolyzing proteins offer a 
promising pretreatment due to the mild conditions and low energy input, there is no 
systematic and quantitative analysis of the effects of non-hydrolyzing proteins on cellulosic 
substrates and their subsequent hydrolysis.  
1.4.2 Enzymatic Hydrolysis of Cellulose 
As shown in Figure 1-4, the pretreatment of lignocellulose is generally followed by the 
hydrolysis of the pretreated carbohydrate fractions. Since most pretreatment techniques 
already hydrolyze hemicellulose (Hamelinck et al., 2005; Mosier et al., 2005; Olofsson et al., 
2008), this section focuses on the enzymatic hydrolysis of cellulose – the main component of 
lignocellulose (Chapter 1.1).  
1.4.2.1 Cellulases: Activities and Structure 
The hydrolysis of cellulose to glucose necessitates three different types of enzymes known as 
cellulases (Himmel et al., 1999; Himmel et al., 2007; Lynd et al., 2002; Mielenz, 2001; Zhang 
and Lynd, 2004): endoglucanase (EG, EC 3.2.1.4), cellobiohydrolase (CBH, EC 3.2.1.91), 
and β-glucosidase (EC 3.2.1.21). As shown in Figure 1-5, endoglucanases hydrolyze cellulose 
chains at internal amorphous sites, generating oligo- or polysaccharides of various lengths 
and, therefore, new chain ends (Lynd et al., 2002). Cellobiohydrolases, also called 
exoglucanases, attack the ends of cellulose chains and act in a processive manner, thereby 
releasing cellobiose (Lynd et al., 2002). Here, CBH I and CBH II hydrolyze from the 
reducing and non-reducing ends, respectively. In contrast to EGs, CBHs can hydrolyze 
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amorphous as well as crystalline cellulose, presumably peeling cellulose chains from the 
crystalline structure (Himmel et al., 2007; Rouvinen et al., 1990; Teeri, 1997). Finally,  
β-glucosidases convert cellobiose to glucose (Lynd et al., 2002). This hydrolytic activity is 
especially important, since CBHs and EGs are severely inhibited by cellobiose (Du et al., 
2010; Gruno et al., 2004; Holtzapple et al., 1990). Nevertheless, glucose is also a weak 
inhibitor for all cellulases and reduces the final yield of cellulose hydrolysis (Holtzapple et al., 
1990; Olofsson et al., 2008; Wyman, 1994). In general, cellulase systems consisting of all 
three cellulase types show a higher collective activity than the sum of the individual activities 
(Henrissat et al., 1985; Nidetzky et al., 1994a). This synergism can be explained as follows 
(Gruno et al., 2004; Henrissat et al., 1985; Lynd et al., 2002; Teeri, 1997; Woodward, 1991): 
(1) endo-exo synergy, since EGs produce new cellulose chain ends for CBHs; (2) exo-exo 
synergy between CBH I and CBH II, since one chain can be attacked simultaneously from the 
reducing and non-reducing end; and (3) synergy between β-glucosidase and the other 
cellulases, since β-glucosidase removes the strong inhibitor cellobiose. 
 
 
Figure 1-5:  Scheme of the enzymatic hydrolysis of cellulose. 
 
Since CBHs and EGs hydrolyze insoluble cellulose, the adsorption of these cellulases onto 
cellulose is a prerequisite for hydrolysis (Lynd et al., 2002). Consequently, most CBHs and 
EGs have a common structure and consist of a cellulose-binding domain connected by a 
linker region to a catalytic domain (Himmel et al., 2007; Kubicek, 1992; Rouvinen et al., 
1990). Whereas the cellulose-binding domain facilitates the efficient adsorption onto 
insoluble cellulose, the catalytic domain performs the hydrolysis of glycosidic bonds.  
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1.4.2.2 Limiting Factors for Cellulose Hydrolysis 
In general, the hydrolysis of insoluble cellulose performed by CBHs and EGs is the rate-
limiting step for the whole hydrolysis (Zhang et al., 2006). This enzymatic step is primarily 
hindered by the recalcitrant structure of cellulose and its physical properties (Chapter 1.1) 
(Desai and Converse, 1997; Kumar and Wyman, 2009c; Wang et al., 2006; Zhang et al., 
1999). Thereby, the degree of polymerization, accessibility, and crystallinity – defined in 
Chapter 1.1 – are the main limiting factors (Alvira et al., 2010; Chandra et al., 2007; Hall et 
al., 2011; Mansfield et al., 1999). Among these, cellulose accessibility is the most important 
factor for hydrolysis (Arantes and Saddler, 2010; Arantes and Saddler, 2011; Chandra et al., 
2007; Dasari and Berson, 2007; Mansfield et al., 1999; Yeh et al., 2010). It reflects the total 
surface area available for direct physical contact between cellulase and cellulose and, 
therefore, determines cellulase adsorption as well as the rates and yields of cellulose 
hydrolysis (Arantes and Saddler, 2011; Kim et al., 1988). Furthermore, crystallinity is a 
relevant parameter affecting the reactivity of adsorbed cellulases (Hall et al., 2010). 
According to various authors (Hall et al., 2010; Ooshima et al., 1983), crystallinity may also 
influence cellulase adsorption and, thus, cellulose accessibility (Chapter 1.1) (Arantes and 
Saddler, 2011; Chandra et al., 2007; Park et al., 2010). To finally achieve high cellulose 
hydrolysis rates and yields, the prior pretreatment (Chapters 1.4 and 1.4.1) needs to increase 
accessibility and to reduce crystallinity (Alvira et al., 2010; Jeoh et al., 2007; Kumar and 
Wyman, 2009c; Quiroz-Castaneda et al., 2011b; Rollin et al., 2011; Wyman, 2007).  
1.4.2.3 Expression of Cellulases by Trichoderma reesei 
The filamentous fungus Trichoderma reesei (synonym: Hypocrea jecorina) is an efficient 
cellulase producer achieving very high expression levels (> 40 g/L) and yields (0.25 g 
cellulase per g carbon source) of secreted cellulases (Esterbauer et al., 1991; Herpoel-Gimbert 
et al., 2008; Lynd et al., 2002; Tolan and Foody, 1999). Although other eukaryotes and 
bacteria express cellulases, T. reesei has been the focus of cellulase research for over 60 years 
(Lynd et al., 2002). T. reesei expresses two CBHs (CBH I and CBH II), at least five EGs  
(EG I, EG II, EG III, EG IV, and EG V), and two β-glucosidases (β-glucosidase I and  
β-glucosidase II) (Goedegebuur et al., 2002; Herpoel-Gimbert et al., 2008; Karlsson et al., 
2001; Karlsson et al., 2002; Martinez et al., 2008; Nagendran et al., 2009; Ouyang et al., 
2006; Rosgaard et al., 2007; Tolan and Foody, 1999). The relative amounts of the individual 
cellulases (g cellulase per g total cellulase) are as follows (Rosgaard et al., 2007):  
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CBH I (40-60%), CBH II (12-20%), EG I (5-10%), EG II (1-10%), EG III (< 1-5%), EG IV 
(< 1%), EG V (< 5%), β-glucosidase I (1-2%), and β-glucosidase II (< 1%). Similar values of 
relative cellulase levels have also been reported by Goedegebuur et al. (2002). Table 1-2 
finally summarizes the molecular masses and isoelectric points of cellulases from T. reesei. 
 
Table 1-2:  Molecular masses and isoelectric points of cellulases from Trichoderma reesei. 
Cellulase Molecular mass [kDa] 
Isoelectric point 
[-] Reference 
Cellobiohydrolase I 61-63a - (Jeoh et al., 2008) 
 63 4.2 (Gama et al., 1998) 
 65 3.8-4.0a (Schülein, 1988) 
 65 3.9 (Tomme et al., 1988) 
 66 4.2 (Shoemaker et al., 1983) 
 68 - (Henrissat et al., 1985) 
 47-63a 4.4-4.7a (Herpoel-Gimbert et al., 2008) 
Cellobiohydrolase II 55 - (Henrissat et al., 1985) 
 58 5.9 (Gama et al., 1998) 
 58 5.9 (Tomme et al., 1988) 
 30-59a 4.7-6.0a (Herpoel-Gimbert et al., 2008) 
Endoglucanase I 46 5.0 (Gama et al., 1998) 
 50 - (Henrissat et al., 1985) 
 54 4.7 (Shoemaker et al., 1983) 
 55 4.6 (Herpoel-Gimbert et al., 2008) 
 60 4.0-5.0a (Schülein, 1988) 
Endoglucanase II 48 6.1 (Gama et al., 1998) 
 48 7.0 (Schülein, 1988) 
 48 - (Henrissat et al., 1985) 
 43-50a 4.5-4.8a (Herpoel-Gimbert et al., 2008) 
Endoglucanase III 25 - (Karlsson et al., 2002) 
 25 7.5 (Ülker and Sprey, 1990) 
 25-26a 5.7 (Herpoel-Gimbert et al., 2008) 
Endoglucanase IV 47 5.2 (Herpoel-Gimbert et al., 2008) 
 55 - (Karlsson et al., 2001) 
 56 - (Saloheimo et al., 1997) 
Endoglucanase V 23 - (Karlsson et al., 2002) 
β-glucosidase I 71 8.7 (Chen et al., 1992) 
 81 6.7 (Herpoel-Gimbert et al., 2008) 
β-glucosidase II 114 4.8 (Chen et al., 1992) 
 115 6.0 (Shoemaker et al., 1983) 
a
 Different isoforms of the respective cellulase were detected. 
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1.4.2.4 Screening of Cellulase Activities 
During the last years, cellulases have been engineered through directed evolution and rational 
design approaches leading to a multitude of novel or improved cellulases (Fukumura et al., 
1997; Kruus et al., 1995a; Liang et al., 2010; Liang et al., 2011; Morozova et al., 2010; Zhang 
et al., 2006). In order to screen and characterize these variants, cellulase assays are essential 
(Decker et al., 2009; Zhang et al., 2006). Figure 1-6 gives an overview about cellulase assays 
which have been established so far. These cellulase assays can be categorized into three 
general approaches (Figure 1-6): (1) detection of substrate, (2) detection of product, and (3) 
detection of the physical properties of the substrate.  
 
During hydrolysis, the decrease in cellulose concentration can be detected by weighing or 
chemical methods (Figure 1-6). When using small amounts of cellulose (e.g. 1 mg), weighing 
is not suitable, since the low accuracy of a balance (e.g. 0.1 mg) can lead to high coefficients 
of variation (e.g. 10%) (Zhang et al., 2006). In the case of chemical methods, cellulose can be 
directly quantified by the K2Cr2O7-H2SO4 assay (Wood and Bhat, 1988) or, after liquefaction, 
by total sugar assays such as the phenol-H2SO4 (Zhang and Lynd, 2005) and the anthrone-
H2SO4 assay (Zhang et al., 2006).  
 
The majority of cellulase assays are based on the detection of hydrolysis products (Figure 
1-6). The reducing sugar assays, in particular the dinitrosalicylic acid assay, are the most 
common cellulase assays (Zhang et al., 2006). Derivatized glycosides are also often applied 
when determining initial cellulase activities or inhibition constants (Tuohy et al., 2002; Zhang 
et al., 2010). After the hydrolysis of these water-soluble derivatized glycosides (such as  
p-nitrophenyl glycosides or methylumbelliferyl glycosides), the released chromophores or 
fluorophores can be easily detected (Zhang et al., 2006). However, such hydrolysis data based 
on soluble substrates are not pertinent to the realistic hydrolysis of insoluble substrates 
(Zhang et al., 2006), because the enzymatic hydrolysis involves, aside from the catalytic 
domain, also the cellulose-binding domain of cellulases (Chapter 1.4.2.1) (Lynd et al., 2002; 
Pristavka et al., 2000; Rabinovich et al., 1982; Yuldashev et al., 1993). 
 
Alternatively, cellulase activities can also be determined by measuring changes in the 
physical properties of the cellulose. These properties, in particular, are: swollen factor, fiber 
strength, structure collapse, viscosity, absorbance, or scattered light. For example, 
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viscosimetric measurements have been frequently used to determine the initial hydrolysis rate 
of EGs while using soluble carboxymethyl cellulose (CMC) (Karlsson et al., 2001; Lee and 
Kim, 1999; Miller et al., 1960).  
 
A detailed description of all aforementioned cellulase assays and their associated substrates 
(Figure 1-6) is given in the review of Zhang et al. (2006). Despite the high number of 
substrates, cellulases are often screened with impractical model substrates that do not reflect 
the real cellulosic biomass in industrial processes. In particular, the application of soluble 
substrates should be avoided during screening experiments, because the adsorption of 
cellulases onto the cellulose is ignored (Zhang et al., 2006). Moreover, there is no 
sophisticated cellulase assay simultaneously combining high-throughput, online analysis, and 
insoluble cellulosic substrates. 
 
 
Figure 1-6:  Overview and classification of established cellulase assays. A detailed description of the assays 
can be found in the study of Zhang et al. (2006). Abbreviations: dinitrosalicylic acid (DNS), 
high-performance liquid chromatography (HPLC), p-hydroxybenzoic acid hydrazide 
(PAHBAH). 
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1.4.3 Fermentation 
As described in Chapter 1.4, hexoses and pentoses result from the hydrolysis of cellulose and 
hemicellulose. During fermentation, these sugars are finally converted to the desired product 
(Figure 1-4). Thereby, the production of cell mass or by-products should be minimized in 
order to achieve high product yields (Hamelinck et al., 2005). Whereas hexoses such as 
glucose, galactose, and mannose are fermented by many industrially applied microorganisms, 
the pentoses xylose and arabinose are fermented by only a few native strains, and usually at 
relatively low yields (Mosier et al., 2005). However, genetic modifications of Escherichia coli 
(Ingram et al., 1998; Ingram et al., 1999), Saccharomyces cerevisiae (Bengtsson et al., 2009; 
Garcia-Sanchez et al., 2010; Runquist et al., 2011), and Zymomonas mobilis (Zhang et al., 
1995) resulted in strains capable of co-fermenting both hexoses and pentoses to ethanol or 
other chemicals (Mosier et al., 2005). In addition, Aspergillus terreus or Ustilago maydis 
utilize both hexoses and pentoses (Kautola et al., 1985; Kurz and Ericson, 1962; Matsushima 
and Klug, 1958), and they are well-known producers of itaconic acid (Guevarra and Tabuchi, 
1990; Kautola et al., 1985; Kobayashi, 1978; Willke and Vorlop, 2001).  
 
In most of the former lignocellulose-based processes, the simultaneous use of all sugars by 
one microorganism (or a mixed-culture) was not performed (Stephanopoulos, 2007). Instead, 
hexoses and pentoses were sequentially converted by different microorganisms incubated in 
separate fermentation steps (Stephanopoulos, 2007). During the last few years, however, 
industrial S. cerevisiae strains were developed, which co-ferment both hexoses and pentoses 
(Garcia-Sanchez et al., 2010; Matsushika et al., 2009a). In comparison to laboratory strains, 
these industrial strains show higher productivities and adequate inhibitor tolerance 
(Matsushika et al., 2009b). Consequently, the industry focuses on applying these strains for 
lignocellulose-based processes. 
1.4.4 Process Integration 
When performing the biocatalytic conversion of lignocellulose (Chapter 1.4) by using 
enzymatic hydrolysis and fermentation, four biologically mediated processing steps typically 
occur (Lynd et al., 1999; Lynd et al., 2002): enzyme production, hydrolysis, hexose 
fermentation, and pentose fermentation. Process configurations of these steps can be 
categorized based on their level of process integration (Geddes et al., 2011; Hamelinck et al., 
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2005; Lynd et al., 1999; Lynd et al., 2002; Olofsson et al., 2008; Wyman, 1994). As presented 
in Figure 1-7, separate hydrolysis and fermentation (SHF) involves four independent 
processing steps and at least four different biocatalysts. If hexoses and pentoses are co-
fermented (Tian et al., 2010), the process configuration is referred to as separate hydrolysis 
and co-fermentation (SHCF). Simultaneous saccharification and fermentation (SSF) combine 
hydrolysis and hexose fermentation, with enzyme production and fermentation of pentoses 
occurring in separate processing steps. Simultaneous saccharification and co-fermentation 
(SSCF) involves just two steps: enzyme production and a second step in which hydrolysis and 
co-fermentation of both hexoses and pentoses are performed. Ultimately, consolidated 
bioprocessing (CBP) accomplishes enzyme production, hydrolysis, and co-fermentation in a 
single unit. 
 
 
Figure 1-7:  Various (integrated) configurations of biologically mediated processing steps during the 
biocatalytic conversion of lignocellulose. Abbreviations according to the literature (Geddes et 
al., 2011; Lynd et al., 1999; Wyman, 1994): separate hydrolysis and fermentation (SHF), 
separate hydrolysis and co-fermentation (SHCF), simultaneous saccharification and 
fermentation (SSF), simultaneous saccharification and co-fermentation (SSCF), consolidated 
bioprocessing (CBP). The thickness of the arrows indicates the relative amounts of cellulose 
and (hydrolyzed) hemicellulose used for enzyme production and hydrolysis. 
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Lignocellulose processing technologies show a trend towards integrated process 
configurations (Lynd et al., 2002). Three decades ago, SHF was the preferred process 
configuration. Since the studies of Wright et al. (1988), SSF has been widely thought to be 
advantageous over SHF. Main reasons are as follows (Wyman, 1994): (1) SSF remarkably 
reduces the investment costs; and (2) product inhibition of the cellulases (Chapter 1.4.2.1)  
is prevented, since the released glucose is directly consumed by the microorganism. 
Currently, SSCF and CBP are considered as an economically attractive near-term goal for 
process development (Stephanopoulos, 2007; Xu et al., 2009). Despite the advantages of 
integrated process configurations, it should be noted that there is always a compromise 
needed to find favorable conditions for all integrated processing steps (Hamelinck et al., 
2005; Olofsson et al., 2008). Consequently, some researchers suggest that cost reductions 
should result from optimizing the separate processing steps (Hamelinck et al., 2005). 
 
The aforementioned trend towards integrated process configurations is most evident in the 
case of bioethanol production, but this trend is likely to be applicable to other chemicals as 
well (Lynd et al., 2002). For example, SSF processes have been applied to produce ethanol 
(Olofsson et al., 2008), lactic acid (Abe and Takagi, 1991; Romani et al., 2008; Wee et al., 
2006; Yáñez et al., 2003), acetic acid (Borden et al., 2000), citric acid (Asenjo and Jew, 
1983), and succinic acid (Chen et al., 2011). Up to now, however, no SSF process has been 
developed for the production of the platform chemical itaconic acid. 
1.5 Interdisciplinary Collaboration (Cluster of Excellence) 
In 2007, the cluster of excellence “tailor-made fuels from biomass” (TMFB) was started at the 
RWTH Aachen University. This fundamental research project comprises the selective 
conversion of lignocellulose to platform chemicals (Chapter 1.3), the catalytic transformation 
of platform chemicals into new synthetic fuels (fuel synthesis), and the development of novel 
low-temperature combustion technologies (Figure 1-8). In contrast to conventional diesel 
fuels, the new fuel candidates should be tailored to the requirements of the novel combustion 
engines with low soot and NOx emissions (Janssen et al., 2010). Within this broad research 
project, scientists from different disciplines (biology, chemistry, chemical engineering, 
combustion engineering, mathematics, and physics) develop a CO2-neutral process chain, 
ranging from lignocellulose down to the final combustion (Figure 1-8) (Janssen et al., 2010). 
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Among several research activities, the TMFB project also addresses the biocatalytic 
conversion of lignocellulose to the platform chemical itaconic acid. Here, the long-term goal 
is the complete conversion of cellulose as well as hemicellulose. Lignin should be burned to 
power the process or converted to valuable co-products (Bozell et al., 2007; Mosier et al., 
2005). In order to allow a fast and detailed analysis of the essential conversion steps 
(pretreatment, hydrolysis, and fermentation), cellulose has been used as a model feedstock 
during the initial phase of the TMFB project. Moreover, cellulose is the main component of 
lignocellulose (Chapter 1.1) and, therefore, the efficient conversion of cellulose is especially 
important. Consequently, this thesis focuses on the biocatalytic conversion of cellulose to 
itaconic acid. However, recent studies from the TMFB project have shown that pentoses 
resulting from hemicellulose hydrolysis can be efficiently fermented to itaconic acid 
(Klement et al., 2011). Finally, itaconic acid should be further converted to 3-MTHF (Geilen 
et al., 2010; Marquardt et al., 2010). This potential fuel is proposed to allow a soot-free and 
NOx-free combustion similar to 2-MTHF whose superior burning properties have already 
been validated (Janssen et al., 2010). 
 
 
Figure 1-8:  CO2-cycle and research areas of the cluster of excellence “tailor-made fuels from biomass” 
(TMFB). Abbreviated from Pischinger (2009). 
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1.6 Objectives and Overview 
This thesis investigates the aforementioned biocatalytic conversion of cellulose to itaconic 
acid (Chapter 1.5). According to Chapter 1.4, this process comprises three major conversion 
steps: pretreatment, hydrolysis, and fermentation. Within this thesis, each of the conversion 
steps is investigated in detail (Figure 1-9), and new approaches and technologies are 
developed. Rather than establishing the complete process, an in-depth understanding of the 
single conversion steps should be generated, and the possibility of integrated process 
configurations should be validated.  
 
 
Figure 1-9:  Objectives and overview of this work: “Biocatalytic Conversion of Cellulose towards Itaconic 
Acid” via pretreatment, hydrolysis, and fermentation. Each number indicates one of the 
following chapters.  
 
Although non-hydrolyzing proteins offer a safe and environmentally friendly pretreatment 
technique, there is no quantitative analysis of the effects of non-hydrolyzing proteins on 
cellulosic substrates (Chapter 1.4.1). Therefore, Chapter 2 addresses the pretreatment of 
cellulose by using the non-hydrolyzing protein swollenin. To yield sufficient swollenin for 
industrial applications, Chapter 2 presents a new way of producing recombinant swollenin. 
Furthermore, it is shown for the first time how swollenin quantitatively affects relevant 
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physical properties of cellulosic substrates and how it affects their subsequent enzymatic 
hydrolysis.  
 
Besides the application of pretreatment techniques, the enzymatic cellulose hydrolysis can 
also be optimized by adjusting hydrolysis conditions. For this purpose, cellulases have to be 
characterized, and a better understanding of the hydrolysis mechanism needs to be 
established. However, CBHs and EGs are often characterized with soluble impractical model 
substrates that do not reflect the real cellulosic biomass in industrial processes (Chapter 
1.4.2.4). In Chapter 3.1, insoluble α-cellulose is proposed as a practical substrate to 
characterize CBHs and EGs. In this context, a novel purification method is presented to 
prepare the major CBHs and EGs from T. reesei. Moreover, the adsorption and activity of 
these cellulases is modeled and analyzed. Here, a semi-mechanistic model is developed to 
predict the kinetics of α-cellulose hydrolysis. In addition, the influence of various hydrolysis 
conditions (such as pH, temperature, and hydrodynamics) is elucidated. Here, Chapter 3.1 
investigates and correlates in detail the adsorption and the activity of cellulases at different 
hydrodynamic conditions.  
 
Despite the high number of cellulase assays, most cellulase assays are slow, tedious, or based 
on soluble cellulosic substrates (Chapter 1.4.2.4). However, Chapter 3.2 presents the first 
sophisticated cellulase assay that simultaneously combines high-throughput, online analysis, 
and insoluble cellulosic substrates. It is based on the BioLector technique, which monitors the 
scattered light intensities of cellulose suspensions in a continuously shaken microtiter plate. 
By monitoring the enzymatic hydrolysis of different insoluble cellulosic substrates in the 
BioLector, cellulase activities are quantitatively determined. Moreover, scattered light 
measurements are applied to analyze cellulase adsorption as well as the non-hydrolytic effect 
of cellulases or swollenin on insoluble cellulose. 
 
Up to now, itaconic acid has solely been manufactured via separate fermentations 
necessitating a previous step (such as cellulose hydrolysis) to produce directly fermentable 
carbon sources (such as glucose). However, the integration of cellulose hydrolysis and 
fermentation into one processing step offers several advantages (Chapter 1.4.4). 
Consequently, Chapter 4 deals with a new integrated SSF process to directly convert cellulose 
to itaconic acid. In just one step, α-cellulose should be hydrolyzed by cellulases, and the 
resulting glucose should be simultaneously converted to itaconic acid by U. maydis. In this 
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context, the separate enzymatic hydrolysis of cellulose is investigated under SSF conditions 
and compared with conventional hydrolysis conditions. Moreover, a SSF process is analyzed 
in detail and compared with a batch cultivation using glucose as sole carbon source. 
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2 Pretreatment of Cellulose with Swollenin  
2.1 Introduction 
As shown in Chapter 1, naturally occurring lignocellulose is a promising starting material for 
the sustainable production of platform chemicals and fuels (Fukuda et al., 2009; Huber et al., 
2006; Klosowski et al., 2010; Okano et al., 2010; Pristavka et al., 2000; Quiroz-Castaneda et 
al., 2011b). For the selective and biocatalytic conversion of lignocellulose, three conversion 
steps are necessary (Figures 1-4 and 1-9): (1) pretreatment, (2) hydrolysis, and (3) 
fermentation. The general aim of pretreatment is to alter or remove structural and 
compositional barriers of lignocellulose so that the hydrolysis of the carbohydrate fraction 
(cellulose and hemicellulose) to fermentable sugars can be achieved more rapidly and with 
greater yields (Chapter 1.4.1) (Chandra et al., 2007; Kumar et al., 2009; Mosier et al., 2005). 
Since cellulose is the main fraction of lignocellulose (Chapter 1.1), the hydrolysis of cellulose 
is most important. 
 
As shown in Chapter 1.4.2, the hydrolysis of cellulose to glucose necessitates a cellulase 
system consisting of cellobiohydrolase (CBH, E.C. 3.2.1.91), endoglucanase (EG, E.C. 
3.2.1.4), and β-glucosidase (E.C. 3.2.1.21) (Himmel et al., 2007; Quiroz-Castaneda et al., 
2009; Schröter et al., 2001). Besides enzyme-related factors (e.g. enzyme inactivation and 
product inhibition) (Zhang and Lynd, 2004), the enzymatic hydrolysis of cellulose is limited 
by its physical properties (Desai and Converse, 1997; Kumar and Wyman, 2009c; Wang et 
al., 2006; Zhang et al., 1999). As described in Chapter 1.4.2.2, these properties, in particular, 
are: degree of polymerization, accessibility, and crystallinity (Alvira et al., 2010; Chandra et 
al., 2007; Hall et al., 2011; Mansfield et al., 1999). Cellulose accessibility, which is 
determined by cellulose particle size (external surface area) and porosity (internal surface 
area), is the most important factor for hydrolysis (Arantes and Saddler, 2010; Arantes and 
Saddler, 2011; Chandra et al., 2007; Chandra et al., 2008; Dasari and Berson, 2007; Mansfield 
et al., 1999; Yeh et al., 2010). Cellulose accessibility reflects the total surface area available 
for direct physical contact between cellulase and cellulose and, therefore, influences cellulase 
adsorption as well as the rate and extent of cellulose hydrolysis (Arantes and Saddler, 2011; 
Kim et al., 1988). Furthermore, crystallinity is a relevant factor for cellulose hydrolysis, since 
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it influences the reactivity of adsorbed cellulases (Hall et al., 2010). Here, it should be noted 
that crystallinity may also affect cellulase adsorption (Hall et al., 2010; Ooshima et al., 1983) 
and, therefore, cellulose accessibility (Arantes and Saddler, 2011; Chandra et al., 2007; Park 
et al., 2010). Up to now, however, the relationship between crystallinity and accessibility has 
not been clearly understood (Chandra et al., 2007; Ramos et al., 1993). For high cellulose 
hydrolysis rates and yields, cellulose accessibility needs to be increased and, conversely, its 
crystallinity reduced (Jeoh et al., 2007; Rollin et al., 2011). To achieve this and accordingly 
improve subsequent hydrolysis, pretreatment techniques are essential (Alvira et al., 2010; 
Kumar and Wyman, 2009c; Quiroz-Castaneda et al., 2011b; Wyman, 2007).  
 
Since pretreatment can be expensive, there is a prime motivation to screen and improve it 
(Decker et al., 2009; Galbe and Zacchi, 2007; Kumar et al., 2009; Mosier et al., 2005; Selig et 
al., 2010). Over time, many pretreatment technologies have been developed: physical, 
physicochemical, chemical, biological, electrical methods or combinations of these methods 
(Galbe and Zacchi, 2007; Kumar et al., 2009). A more detailed description of pretreatment 
techniques is given in Chapter 1.4.1. Some of these techniques entail expensive equipment, 
harsh conditions, and high energy input (Kumar et al., 2009). By contrast, non-hydrolyzing 
proteins have been found to pretreat cellulose under mild conditions (Arantes and Saddler, 
2010; Hall et al., 2011). After the regular pretreatment of lignocellulose, these non-
hydrolyzing proteins can be added during cellulose hydrolysis (Baker et al., 2000), or they 
can be applied in a second pretreatment step in which cellulose is the substrate (Hall et al., 
2011).  
  
During this second pretreatment step, cellulose is incubated under mild conditions with non-
hydrolyzing proteins that bind to the cellulose. As a result, cellulose microfibrils (Figure 1-1; 
diameter: ca. 10 nm; Paiva et al., 2007; Somerville et al., 2004; Zhao et al., 2007) are 
dispersed, and the thicker cellulose macrofibrils or fibers (Figure 1-1; diameter: ca. 
0.5-10 µm, consisting of microfibrils; Lynd et al., 2002; Paiva et al., 2007; Zhao et al., 2007) 
swell, thereby decreasing crystallinity and increasing accessibility (Arantes and Saddler, 
2010; Coughlan, 1985; Klyosov, 1990; Rabinovich et al., 1982). This phenomenon was 
named amorphogenesis (Arantes and Saddler, 2010; Coughlan, 1985). Furthermore, cellulose-
binding proteins can lead to deagglomeration of cellulose agglomerates (diameter: > 0.1 mm, 
consisting of cellulose fibers) (Chen et al., 2010; Din et al., 1991), thereby separating 
cellulose fibers from each other and additionally increasing cellulose accessibility. Ultimately, 
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amorphogenesis as well as deagglomeration promote cellulose hydrolysis (Arantes and 
Saddler, 2010).  
 
Various authors have described hydrolysis-promoting effects when pretreating cellulose with 
single cellulose-binding domains (Hall et al., 2011), expansins from plants (Baker et al., 2000; 
Cosgrove, 2000; Han and Chen, 2007; Wei et al., 2010), or expansin-related proteins from 
Trichoderma reesei (Saloheimo et al., 2002), Bacillus subtilis (Kim et al., 2009), Bjerkandera 
adusta (Quiroz-Castaneda et al., 2011a), or Aspergillus fumigatus (Chen et al., 2010). A 
prominent expansin-related protein is swollenin from the fungus T. reesei. In contrast to 
cellulases, the expression levels of swollenin in T. reesei are relatively low (1 mg/L) 
(Saloheimo et al., 2002). Thus, swollenin from T. reesei has been heterologously expressed in 
Saccharomyces cerevisiae (Saloheimo et al., 2002), Aspergillus niger (Saloheimo et al., 
2002), and Aspergillus oryzae (Wang et al., 2010). The expression levels in S. cerevisiae, 
however, are also low (25 µg/L) (Saloheimo et al., 2002), and only A. oryzae produces 
swollenin in higher concentrations (50 mg/L) (Wang et al., 2010). According to Saloheimo et 
al. (2002), swollenin can disrupt the structure of cotton fiber or the cell wall of the algae 
Valonia macrophysa. Since swollenin shows a high sequence similarity to plant expansins 
(Saloheimo et al., 2002), it may have a similar function and lead to the disruption of cellulosic 
networks within plant cell walls (Arantes and Saddler, 2010). Thus, swollenin may have an 
important role in the enzymatic degradation of lignocellulose by T. reesei (Banerjee et al., 
2010). Up to now, however, there is no systematic and quantitative analysis of the effects of 
swollenin on cellulosic substrates and their hydrolysis. 
 
First, Chapter 2 presents an alternative way of producing recombinant swollenin in order to 
generate sufficient swollenin for industrial applications. Second, the main objective is to show 
how recombinant swollenin quantitatively affects relevant physical properties of different 
cellulosic substrates and how it affects their subsequent hydrolysis.  
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2.2 Materials and Methods 
2.2.1 Cellulosic Substrates 
The cellulosic substrates Whatman filter paper No.1, α-cellulose, Avicel PH101, and 
Sigmacell 101 were purchased from Sigma-Aldrich (St. Louis, USA). The physical properties 
of filter paper were summarized by Zhang and Lynd (2004). Physical properties (solubility; 
purity; crystallinity index, CrI; weight-average degree of polymerization, DPw; geometric 
mean particle size, dP) and product information of the other applied cellulosic substrates are 
given in Chapter 3.1.2.1. Agglomerates of Whatman filter paper No.1 were prepared by using 
a hole-punch and quartering the resulting filter paper discs. The final filter paper agglomerates 
had an average diameter of approximately 3 mm. 
2.2.2 Cellulase Preparation    
The commercial cellulase preparation Celluclast® 1.5L (Novozymes, Bagsværd, DK) – a 
filtrated culture supernatant of Trichoderma reesei (Henrissat et al., 1985) – was used for the 
hydrolysis of the pretreated cellulosic substrates. Celluclast® consists of cellulases, xylanases, 
and a small amount of other proteins (Gama et al., 1998; Henrissat et al., 1985; Herpoel-
Gimbert et al., 2008). With respect to cellulases (Chapter 1.4.2.3), T. reesei expresses at least 
two cellobiohydrolases (CBH I and CBH II), five endoglucanases (EG I, EG II, EG III,  
EG IV, and EG V), and two β-glucosidases (β-glucosidase I and β-glucosidase II) 
(Goedegebuur et al., 2002; Herpoel-Gimbert et al., 2008; Karlsson et al., 2001; Karlsson et 
al., 2002; Martinez et al., 2008; Nagendran et al., 2009; Ouyang et al., 2006; Rosgaard et al., 
2007; Tolan and Foody, 1999). Molecular masses and isoelectric points of the cellulases from 
Trichoderma reesei are summarized in Table 1-2. According to their relative protein amount 
(Chapter 1.4.2.3), the main cellulases are CBH I, CBH II, EG I, and EG II (Goedegebuur et 
al., 2002; Nagendran et al., 2009; Rosgaard et al., 2007; Tolan and Foody, 1999). 
 
To remove salts, sugars, and other interfering components, Celluclast® was previously 
rebuffered using column chromatography, with an Äkta FPLC (GE Healthcare, Little 
Chalfont, UK). For rebuffering, Celluclast® was loaded on Sephadex G-25 Fine (2.6 cm ×  
10 cm, GE Healthcare, Little Chalfont, UK), and 0.05 M sodium acetate (pH 4.8) was used as 
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a running buffer at 110 cm/h. Sephadex G-25 Fine exhibits an exclusion limit of 1-5 kDa 
which is comparable to the molecular mass cut-off of dialysis membranes for protein 
desalting. Since cellulases have a molecular mass of ≥ 23 kDa (Table 1-2), the mixture of 
cellulases was not changed during rebuffering. Chromatography was conducted at room 
temperature, and the automatically collected fractions were directly cooled at 4°C. To 
determine specific filter paper activities, different dilutions of Celluclast® and the rebuffered 
Celluclast® – applied for all hydrolysis experiments – were tested according to Ghose (1987). 
Here, the following specific filter paper activities (per g protein) were measured: 201 U/g 
(Celluclast®) and 279 U/g (rebuffered Celluclast®). 
2.2.3 Genetic Engineering for Recombinant Swollenin 
The below-mentioned cloning procedure was designed for secreted protein expression 
according to the K. lactis Protein Expression Kit (New England Biolabs, Ipswich, USA). The 
cDNA of the swollenin-coding region was synthesized by reverse-transcription PCR using 
mRNA isolated from T. reesei QM9414 (NCBI no. [swo1 gene]: AJ245918, NCBI no. 
[protein sequence]: CAB92328) and reverse transcriptase (from moloney murine leukemia 
virus; Promega, Fitchburg, USA) according to the manufacturer’s protocol. Specific primers 
were applied to synthesize a cDNA starting from the 19th codon of the swollenin-coding 
region and, therefore, missing the secretion signal sequence of T. reesei (Saloheimo et al., 
2002). By using these primers, SalI and SpeI restriction sites were added upstream and 
downstream of the swollenin-coding region, respectively. The amplified cDNA was cloned 
into the pCR2.1-TOPO vector (Invitrogen, Carlsbad, USA) according to the manufacturer’s 
protocol. After DNA sequencing and isolation of a correct clone, the DNA was excised from 
pCR2.1-TOPO and cloned into the pKLAC1-H vector using XhoI and SpeI restriction 
enzymes (New England Biolabs, Ipswich, USA) according to the manufacturer’s protocol. 
The pKLAC1-H is a modified version of the integrative pKLAC1 vector (New England 
Biolabs, Ipswich, USA; NCBI no. AY968582). The pKLAC1 – developed by Colussi and 
Taron (2005) – exhibits the α-mating factor signal sequence and can be used for the 
expression and secretion of recombinant proteins in K. lactis (Colussi and Taron, 2005). The 
pKLAC1-H was constructed by including an additional SpeI restriction site directly followed 
by a His-tag coding sequence (6 x His) between the XhoI and AvrII restriction sites of 
pKLAC1. The final amino acid sequence of recombinant swollenin (without the α-mating 
factor signal sequence) is given in Figure 2-2C. The DNA sequence and samples of the final 
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pKLAC1-H construct (containing the DNA coding for recombinant swollenin) were stored at 
the Institute of Molecular Biotechnology (RWTH Aachen University, Aachen, DE). The 
cloning procedure was performed in cooperation with Michele Girfoglio from the 
aforementioned institute. 
2.2.4 Expression and Purification of Swollenin 
All below-mentioned transformation, selection, and precultivation procedures – developed by 
Colussi and Taron (2005) – were performed according to the manufacturer’s protocol 
(K. lactis Protein Expression Kit, New England Biolabs, Ipswich, USA). After cloning,  
K. lactis GG799 cells were transformed with pKLAC1-H (containing the DNA coding for 
recombinant swollenin), and transformed clones were selected (acetamide selection). Figure 
2-1 shows a light microscopic picture of transformed K. lactis GG799 cells in YPGal (yeast 
extract, peptone, and galactose) medium. 
 
 
Figure 2-1:  Light microscopic picture of Kluyveromyces lactis GG799 in YPGal medium during the 
stationary growth phase; microscope: Eclipse E600 (Nikon, Tokyo, JP). 
 
One transformed clone was precultivated in YPGal medium, consisting of 20 g/L galactose, 
20 g/L peptone, and 10 g/L yeast extract – all media components were purchased from Carl 
Roth (Karlsruhe, DE). After inoculation with 2.5 mL of the preculture, the main culture was 
cultivated in triplicates in 2 L Erlenmeyer flasks with YPGal medium under the following 
constant conditions: temperature T = 30°C, total filling volume VL = 250 mL, shaking 
diameter d0 = 50 mm, shaking frequency n = 200 rpm. Additionally, a non-transformed 
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K. lactis wild type was cultivated as a reference. After incubation for 72 h, the main cultures 
were centrifuged (6000 g, 20 min, 4°C), and the pooled supernatants of the triplicates were 
treated with endoglycosidase Hf by using 20 U per µg protein for 12 h (Saloheimo et al., 
2002) according to the manufacturer’s protocol without denaturation (New England Biolabs, 
Ipswich, USA). Afterwards, the protein solution was concentrated 100-fold at 4°C using a 
Vivacell 100 ultrafiltration system with a molecular mass cut-off of 10 kDa (Sartorius Stedim 
Biotech, Göttingen, DE). For affinity chromatography, the recombinant swollenin was 
previously rebuffered using Sephadex G-25 Fine (2.6 cm × 10 cm, GE Healthcare, Little 
Chalfont, UK) at 110 cm/h with a running buffer (pH 7.4) consisting of 0.05 M sodium 
dihydrogen phosphate, 0.3 M sodium chloride, and 0.01 M imidazole. The rebuffered sample 
was loaded on Ni Sepharose 6 Fast Flow (1.6 cm × 10 cm, GE Healthcare, Little Chalfont, 
UK) at 120 cm/h. The bound swollenin was eluted with the aforementioned running buffer, 
containing 0.25 M imidazole.  
2.2.5 SDS-Polyacrylamide Gel Electrophoresis of Swollenin 
SDS-polyacrylamide gel electrophoresis (SDS, sodium dodecyl sulfate) was applied to 
analyze the molecular mass and purity of the recombinant swollenin. Novex® 12% 
polyacrylamide Tris-Glycine gels (Invitrogen, Carlsbad, USA) and samples were prepared 
according to the manufacturer’s protocol. The Plus Prestained Protein Ladder (Fermentas, 
Burlington, CA) was used as a molecular mass marker (Appendix B). Electrophoresis was 
performed according to the manufacturer’s protocol (Invitrogen, Carlsbad, USA). Finally, the 
proteins were stained with Coomassie Brilliant Blue (Wilson, 1983) by using SimplyBlue 
SafeStain (Invitrogen, Carlsbad, USA) and analyzed densitometrically (Tan et al., 2007) by 
using the scanner Perfection V700 (Epson, Suwa, JP). The molecular mass and purity of 
swollenin was determined using the software TotalLab TL100 (Nonlinear Dynamics, 
Newcastle, UK). 
2.2.6 Western Blot Analysis of Swollenin 
Western blot analysis was performed to identify the recombinant swollenin. Therefore,  
SDS-polyacrylamide gels were blotted onto a nitrocellulose membrane (Whatman, 
Springfield Mill, UK) according to the manufacturer’s protocol (Invitrogen, Carlsbad, USA). 
The membranes were blocked at room temperature with 50 g/L skim milk dissolved in 
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phosphate buffered saline containing 0.5 g/L Tween-20 (PBST) for 30 min. To detect the 
recombinant swollenin, the membranes were incubated at room temperature for 1.5 h with a 
rabbit polyclonal antibody against His-tag (Dianova, Hamburg, DE) diluted 1:10,000 in 
PBST. After the membrane was washed thrice with PBST, it was incubated with alkaline 
phosphatase conjugated goat anti-rabbit IgG (Dianova, Hamburg, DE) diluted 1:5,000 in 
PBST at room temperature for 1 h. Finally, bound antibodies were visualized by incubating 
the membrane for 5 min with NBT/BCIP (nitro blue tetrazolium / 5-bromo-4-chloro-3-indolyl 
phosphate) diluted 1:100 in phosphatase buffer (100 mM Tris-HCl, 100 mM NaCl, 5 mM 
MgCl2, pH 9.6).  
2.2.7 Measurement of Protein Concentration 
Protein concentrations were analyzed with the bicinchoninic acid (BCA) assay (Smith et al., 
1985) using the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, USA) and 
bovine serum albumin (BSA) as a standard. Depending on the protein concentration of the 
samples, the standard procedure (working range: 0.02-2 g/L) or the enhanced procedure 
(working range: 0.005-0.25 g/L) was performed according to the manufacturer’s protocol. 
The absorbance at 562 nm was measured with a Synergy 4 microtiter plate reader (BioTek 
Instruments, Winooski, USA). 
 
To quantify swollenin in the culture supernatant of K. lactis, the bicinchoninic acid assay was 
combined with the aforementioned SDS-polyacrylamide gel electrophoresis (including 
densitometric analysis). Here, total protein concentrations were determined and multiplied 
with the ratio of swollenin to total protein (purity). 
2.2.8 Mass Spectrometry and Glycosylation Analysis of Swollenin 
Mass spectrometry was applied to identify the expressed and purified recombinant swollenin. 
The protein band (~80 kDa) was excised from the SDS-polyacrylamide gel, washed in water, 
incubated with dithiothreitol, alkylated with iodoacetamide, and digested with trypsin 
(Winters and Day, 2003). Peptide analysis was carried out using a nanoHPLC (Dionex, 
Sunnyvale, USA) coupled to an ESI-QUAD-TOF-2 mass spectrometer (Waters Micromass, 
Eschborn, DE) as described by Tur et al. (2009). The mass spectrometer was used in 
cooperation with Michael Küpper from the Institute of Molecular Biotechnology (RWTH 
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Aachen University, Aachen, DE). The Mascot algorithm (Matrix Science, London, UK) was 
applied to correlate the mass spectrometry data with amino acid sequences in the Swissprot 
database. Thereby, the sequences of the analyzed peptides could be identified, and, ultimately, 
protein matches could be determined. The Mascot score is derived from the ions scores of the 
detected peptides matching the peptides in the database and reflects a non-probabilistic basis 
for ranking protein hits (Ramos-Fernandez et al., 2008). By using this database, the peptide 
mass tolerance was set at ± 0.3 Da. Additionally, the following modifications to the amino 
acids in brackets were allowed: carbamidomethyl (cysteine), carboxymethyl (cysteine), 
oxidation (methionine), and propionamide (cysteine). Moreover, potential areas for  
N-glycosylation and O-glycosylation were identified by using the NetNGlyc 1.0 and 
NetOGlyc 3.1 servers (www.cbs.dtu.dk/services/) (Julenius et al., 2005). 
2.2.9 Qualitative Adsorption Study of Swollenin via Confocal 
Laser Scanning Microscopy 
Confocal laser scanning microscopy was applied to qualitatively verify the adsorption of 
swollenin onto filter paper. Therefore, purified swollenin was labeled with fluorescein 
isothiocyanate (FITC) by using the FITC Labeling Kit (Merck, Darmstadt, DE), and FITC-
labeled swollenin was subsequently dialyzed to remove excessive FITC. Two different blanks 
were labeled and dialyzed similarly: (1) without swollenin (= buffer) or (2) with BSA instead 
of swollenin. The labeling and dialysis procedure was performed according to the 
manufacturer’s protocol. Afterwards, adsorption experiments were performed in 0.05 M 
sodium acetate buffer (pH 4.8) using 20 g/L untreated filter paper and 2 g/L labeled 
swollenin. Solutions with filter paper and solutions with labeled swollenin were preincubated 
separately at 45°C for 10 min, and experiments were started by mixing both solutions. The 
final mixtures were incubated in 2 mL Eppendorf tubes on a thermomixer MHR23 
(simultaneous shaking and temperature control; HLC Biotech, Bovenden, DE) under the 
following constant conditions for 2 h: temperature T = 45°C, total filling volume VL = 1 mL, 
shaking diameter d0 = 3 mm, shaking frequency n = 1000 rpm. The shaking frequency was 
chosen to ensure the complete suspension of cellulose particles (Kato et al., 2001). To verify a 
specific adsorption of labeled swollenin, blanks without swollenin (= buffer) or with labeled 
BSA instead of labeled swollenin were incubated similarly. After incubation, the samples 
were put on ice and immediately analyzed. 
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Confocal laser scanning microscopy was carried out by using the Opera system (PerkinElmer, 
Waltham, USA) – a fully automated confocal laser scanning microscope with a 10 × air, 
a 20 × water, and a 40 × air objective. The Opera system was used in cooperation with 
Stefano Di Fiore from the Fraunhofer Institute for Molecular Biology and Applied Ecology 
(Aachen, DE). After the aforementioned labeling, dialysis, and incubation procedures, the 
samples were transferred in a black 96-well microtiter plate with transparent bottom (µClear, 
Greiner Bio-One, Frickenhausen, DE). Afterwards, images were taken at a focal height of  
± 3 mm with respect to the automatically selected focal plane above the bottom of each well. 
To obtain fluorescence microscopic pictures at 521 nm, exposure times of 250-2000 ms were 
chosen. Pseudo-coloring of the resulting grey-scale pictures was carried out by using Adobe 
Photoshop (Adobe Systems, San Jose, USA). To obtain light microscopic pictures, the laser 
was switched off, and a light-emitting diode was placed above the microtiter plate.  
2.2.10 Quantitative Adsorption Experiments  
Quantitative adsorption experiments were performed in 0.05 M sodium acetate buffer  
(pH 4.8) using 20 g/L untreated filter paper and various concentrations (0.05-1.25 g/L) of 
purified swollenin. Solutions with filter paper and solutions with swollenin were preincubated 
separately at 45°C for 10 min, and experiments were started by mixing both solutions. The 
final mixtures were incubated in 2 mL Eppendorf tubes on a thermomixer MHR23 (HLC 
Biotech, Bovenden, DE) under the following constant conditions for 2 h: temperature 
T = 45°C, total filling volume VL = 1 mL, shaking diameter d0 = 3 mm, shaking frequency 
n = 1000 rpm. The shaking frequency was chosen to ensure the complete suspension of 
cellulose particles (Kato et al., 2001). Three different blanks were incubated similarly:  
(1) without swollenin, (2) without filter paper, or (3) without filter paper and without 
swollenin. The incubation was stopped by centrifugation (8000 g, 1 min), and the 
supernatants were immediately analyzed for unbound swollenin by using the bicinchoninic 
acid assay. The adsorbed swollenin concentration was calculated as the difference between 
initial (blanks) and unbound swollenin concentration. Adsorption isotherm parameters were 
determined using the Langmuir isotherm (Bansal et al., 2009):  
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where AEQ denotes the amount of adsorbed protein at equilibrium [µmolprotein/gcellulose], Amax, 
the maximum protein adsorption [µmolprotein/gcellulose], E, the free protein concentration 
[µmolprotein/L], and KD, the dissociation constant [µmolprotein/L]. In the literature (Nidetzky et 
al., 1994b), the association constant KA [L/µmol] is sometimes used instead of the dissociation 
constant KD. 
 
To analyze the effect of swollenin pretreatment (see below) on subsequent cellulase 
adsorption (Rabinovich et al., 1982; Yuldashev et al., 1993), the maximum cellulase 
adsorption was determined by incubating various concentrations (0.7-2.5 g/L) of rebuffered 
Celluclast® with 10 g/L pretreated cellulosic substrates. Here, all incubations were conducted 
under the aforementioned conditions for 1 h, 1.5 h, and 2 h.  
2.2.11 Pretreatment with Swollenin 
Pretreatment experiments were performed with 20 g/L cellulosic substrates and various 
concentrations of swollenin in 0.05 M sodium acetate buffer (pH 4.8). The mixtures were 
incubated as triplicates in 2 mL Eppendorf tubes on a thermomixer MHR23 (HLC Biotech, 
Bovenden, DE) under the following constant conditions: temperature T = 45 °C, total filling 
volume VL = 1 mL, shaking diameter d0 = 3 mm, shaking frequency n = 1000 rpm. To exclude 
a sole mechanical effect on cellulosic substrates due to shaking and to verify a specific effect 
of swollenin, blanks without swollenin (= buffer) or with 0.4 g/L BSA instead of swollenin 
were incubated similarly. To detect a possible hydrolytic activity of recombinant swollenin, 
the sensitive p-hydroxybenzoic acid hydrazide assay (Lever, 1972) was applied by using 
glucose as a standard. After incubation for 48 h, the supernatants of the pretreatment solutions 
were analyzed, and the absorbancies were measured at 410 nm in a Synergy 4 microtiter plate 
reader. Subsequently, all cellulosic samples were washed to remove adsorbed proteins. 
Therefore, the mixtures were centrifuged (14000 × g, 10 min, 4°C), and the cellulosic pellets 
were washed four times with 800 µL 0.05 M citrate buffer (pH 10) and once with 800 µL 
distilled water (Zhu et al., 2009). Finally, the triplicates were pooled. According to Zhu et al. 
(2009), citrate buffer (pH 10) is an appropriate washing solution, and a single washing step 
with 0.05 M citrate buffer (pH 10) leads to a desorption efficiency of 61% in case of fungal 
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cellulases and Avicel. Since no acids or bases are formed during the washing procedure, the 
weak buffer capacity of citrate buffer at pH 10 can be neglected. In this study, the washing 
procedure was conducted four times to ensure a high desorption of swollenin. The 
measurements of protein concentration in the washing supernatants – by applying the 
aforementioned bicinchoninic acid assay (Chapter 2.2.7, working range starting from  
0.005 g/L) – showed that swollenin desorbed almost completely. Already after three washing 
steps, a total swollenin desorption efficiency of > 90% was achieved. 
2.2.12 Photography and Microscopy 
Photography and microscopy were applied to visualize the effect of swollenin pretreatment on 
filter paper. After pretreatment with buffer, BSA, or swollenin, the different filter paper 
solutions were transferred into petri dishes, the particles were evenly distributed, and images 
were taken with an Exilim EX-FH100 camera (Casio, Tokyo, JP). Afterwards, the number of 
filter paper agglomerates (> 0.5 mm) was determined by image analysis using the software 
ImageTool 3.0 (UTHSCSA, San Antonio, USA) and a ruler as a reference. Light microscopic 
pictures were taken with an Eclipse E600 (Nikon, Tokyo, JP). Additionally, scanning electron 
microscopy was performed using a Hitachi S-5500 (Hitachi, Tokyo, JP) and a field emission 
of 5 kV. All washed filter paper samples were covered with a layer of carbon (3 nm) and, 
subsequently, with a layer of PtPd (3 nm, 80%-20%). The images were taken by using 
secondary electrons. Scanning electron microscopy was performed in cooperation with 
Roberto Rinaldi from the “Max-Planck-Institut für Kohlenforschung” (Mülheim an der Ruhr, 
DE). 
2.2.13 Laser Diffraction  
The particle-size distributions of all pretreated cellulosic substrates were measured by laser 
diffraction (Bowen, 2002) using a LS13320 (Beckman Coulter, Brea, USA). The geometric 
mean particle size dP was calculated using the software LS version 5.01 (Beckman Coulter, 
Brea, USA). In the case of filter paper, particles with an average diameter of > 0.75 mm were 
manually removed before laser diffraction to exclude a disturbance of measurement signals. 
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2.2.14 X-ray Diffraction 
The crystallinity index CrI of all pretreated cellulosic substrates was determined by powder 
X-ray diffraction (XRD) – in cooperation with Roberto Rinaldi from the “Max-Planck-Institut 
für Kohlenforschung” (Mülheim an der Ruhr, DE). XRD patterns were obtained using a 
STOE STADI P transmission diffractometer (STOE & Cie GmbH, Darmstadt, DE) in Debye-
Scherrer geometry (CuKα radiation, λ = 1.54060 Å) with a primary monochromator and a 
position-sensitive detector. Thereby, XRD patterns were collected with a diffraction angle 2θ 
from 10o to 30o (increments of 0.01o) and a counting time of 6 s per increment. The sample 
was adhered to a polyester foil (biaxially-oriented polyethylene terephthalate) by using a 
diluted solution of adhesive. After drying the sample in open-air, the sample was covered with 
a second polyester foil. This set was then fixed in a sample holder. To improve statistics and 
level out sample orientation effects, the sample was rotated at ca. 2 Hz during XRD 
measurement. The CrI [%] was calculated using the peak height method (Cao and Tan, 2005; 
Park et al., 2010) and the corresponding equation: 
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where I002 is the maximum intensity of the crystalline plane (002) reflection (2θ = 22.5o) [1/s] 
and IAM is the intensity of the scattering for the amorphous component at about 18o in 
cellulose-I [1/s] (Cao and Tan, 2005). Here, it should be noted that there are several methods 
for calculating CrI from XRD data, and these methods can provide significantly different 
results (Park et al., 2010; Sathitsuksanoh et al., 2011). Although the applied peak height 
method produces CrI values that are higher than those of other methods, it is still the most 
commonly used method and ranks CrI values in the same order as the other methods (Park et 
al., 2010). 
2.2.15 Hydrolysis of Swollenin-Pretreated Cellulose 
Hydrolysis experiments with 10 g/L pretreated cellulosic substrate and 1 g/L rebuffered 
Celluclast® were conducted in 0.05 M sodium acetate buffer (pH 4.8). The mixtures were 
incubated as triplicates in 2 mL Eppendorf tubes on a thermomixer MHR23 (HLC Biotech, 
Bovenden, DE) under the following constant conditions: temperature T = 45 °C, total filling 
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volume VL = 1 mL, shaking diameter d0 = 3 mm, shaking frequency n = 1000 rpm. In general, 
attention has to be paid to cellulase inactivation which would reduce the final yield of 
cellulose hydrolysis (Reese, 1980). In this current study, however, a shaken system with 
relatively low shear forces was applied. According to Engel et al. (2010), rebuffered 
Celluclast® is stable under the applied incubation conditions so that cellulase inactivation 
could be neglected. The shaking frequency was chosen to ensure the complete suspension of 
cellulose particles (Kato et al., 2001) and to exclude mass transfer limitations. Three different 
blanks were incubated similarly: (1) without cellulase, (2) without substrate, or (3) without 
substrate and without cellulase. After defined time intervals, samples were taken, and the 
hydrolysis was stopped by boiling (10 min, 100°C). Finally, the amount of reducing sugars 
was analyzed by applying the dinitrosalicylic acid assay as described in Chapter 2.2.16.  
 
Initial hydrolysis rates [g/(L·h)] were calculated by applying a linear fit to the reducing sugar 
concentration data from 0-6 h. Moreover, the degree of saccharification was calculated using 
the following equation: 
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with P denoting the detected reducing sugar concentration [g/L], C0 denoting the initial 
cellulose concentration [g/L], and 162/180 denoting the correction coefficient between 
molecular weights of glucan monomers and glucose.  
2.2.16 Dinitrosalicylic Acid Assay 
The dinitrosalicylic acid assay (Miller, 1959) was applied to quantify the reducing sugars 
released during cellulose hydrolysis. Thereby, reducing sugar concentrations were determined 
by using glucose as a standard. Since the dinitrosalicylic acid assay is not sensitive at low 
reducing sugar concentrations (Wood and Bhat, 1988; Zhang et al., 2006), low concentrations 
were accurately quantified by adding 1.25 g/L glucose to the samples according to Wood and 
Bhat (1988). The absorbance was measured at 540 nm in a Synergy 4 microtiter plate reader 
(BioTek Instruments, Winooski, USA).  
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Since the dinitrosalicylic acid assay exhibits a lower sensitivity towards cellobiose than 
glucose, reducing sugar concentrations may be underestimated when glucose is used as a 
standard and β-glucosidase is not in excess (Zhang et al., 2006). However, under the applied 
hydrolysis conditions (Chapter 2.2.15), cellobiose did not accumulate (highest cellobiose to 
glucose ratio was measured in the case of Sigmacell after 10 h: 0.12). Therefore, this 
underestimation was minimal, and the addition of β-glucosidase was not needed.  
2.2.17 Computational Methods 
Parameters (including standard deviations) of the adsorption model were calculated by 
nonlinear, least squares regression analysis using MATLAB R2010 (The MathWorks, Natick, 
USA). TableCurve 3D 4.0 (Systat Software, Chicago, USA) was used to empirically correlate 
crystallinity and mean particle size with initial hydrolysis rates via the non-linear Gaussian 
cumulative function: 
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where a, b, c, d, e, f, and g denote the various fitting parameters of the non-linear Gaussian 
cumulative function [-]. 
2.3 Results and Discussion 
2.3.1 Production and Analysis of Recombinant Swollenin 
Swollenin is a cellulase-related protein and consists of an N-terminal cellulose-binding 
domain connected by a linker region to an expansin-homologous domain (Saloheimo et al., 
2002). The cDNA of the swollenin-coding region from T. reesei was used as a template to 
clone a recombinant His-tagged swollenin (data not shown). After cloning, the recombinant 
swollenin was heterologously expressed by using the yeast K. lactis as expression host 
(Colussi and Taron, 2005). In addition, a non-transformed K. lactis wild type was cultivated 
as a reference. As shown by SDS-polyacrylamide gel electrophoresis (Figure 2-2A), the 
supernatants of the wild type (lane 1) and the transformed clone (lane 2) showed only a few 
Pretreatment of Cellulose with Swollenin  38 
differences in protein secretion pattern. These differences could be explained by the influence 
of heterologous protein expression on the native secretome of K. lactis (Lodi et al., 2005). 
However, an intense protein band at ~80 kDa could be observed in the supernatant of the 
transformed clone which corresponds to the size of native swollenin from T. reesei (~75 kDa, 
49 kDa based on the primary sequence) (Saloheimo et al., 2002). Furthermore, this protein 
band was detected as a His-tagged protein by Western blot analysis (Figure 2-2B). In order to 
quantify the putative swollenin in the supernatant of K. lactis, the total protein concentration 
was determined and a densitometric analysis of the SDS-polyacrylamide gel (Figure 2-2A, 
lane 2) was conducted. The expression level of swollenin was approximately 20-30 mg/L, 
which is comparable with the results for other recombinant proteins expressed in K. lactis 
(Colussi and Taron, 2005; Lodi et al., 2005). With respect to recombinant swollenin, lower or 
comparable expression levels were achieved by using S. cerevisiae (25 µg/L) (Saloheimo et 
al., 2002) or A. oryzae (50 mg/L) (Wang et al., 2010) as expression hosts. Finally, this protein 
was purified by immobilized metal ion affinity chromatography. According to Figure 2-2A-B, 
the final fraction (lane 3) showed a protein band with high purity (~75%). 
 
To clearly identify the protein band at ~80 kDa (Figure 2-2A-B), its amino acid sequence was 
determined by using mass spectrometry (Schuchardt and Sickmann, 2007) and the Mascot 
search engine (Grosse-Coosmann et al., 2005). Figure 2-2C shows the results of mass 
spectrometry and the expected amino acid sequence of the recombinant swollenin. As shown 
by a high Mascot score of 502, the protein at ~80 kDa was clearly identified to be a variant of 
swollenin from T. reesei. Regarding the native swollenin sequence, a protein score of > 57 
(homology threshold) indicates identity or extensive homology (p < 0.05). In addition, 
potential N- and O-glycosylation sites were detected by using the NetNGlyc 1.0 and 
NetOGlyc 3.1 servers (Julenius et al., 2005) (Figure 2-2C). Here, it should be noted that the 
native swollenin contains almost no N-glycosylation (Saloheimo et al., 2002). Therefore, the 
difference between the calculated molecular mass of 49 kDa, based on the primary sequence 
of swollenin, and the observed molecular mass of 80 kDa (Figure 2-2A-B) may be explained 
by O-glycosylation and other post-translational modifications. Proofs are given as follows:  
(1) the linker region of cellulases or cellulase-related proteins is highly O-glycosylated (Stals 
et al., 2004); (2) swollenin contains potential O-glycosylation sites within the linker region 
(linker: [40-232]; Figure 2-2C); (3) no peptides of the linker region were identified by mass 
spectrometry, since glycosylation alters the mass/charge ratio of the peptides (Figure 2-2C). 
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Figure 2-2:  SDS-polyacrylamide gel electrophoresis, Western blot, and mass spectrometry of swollenin 
produced by Kluyveromyces lactis. (A) SDS-polyacrylamide gel electrophoresis and (B) 
Western blot: (M) molecular mass marker, (1) filtrated culture supernatant of K. lactis wild 
type, (2) filtrated culture supernatant of K. lactis expressing recombinant swollenin,  
(3) recombinant swollenin purified by immobilized metal affinity chromatography. 12% 
polyacrylamide gel, the same volume of the samples (15 µL) was loaded onto the particular 
slots; (C) mass spectrometric results and primary sequence of recombinant swollenin. The 
protein band (~80 kDa) was analyzed using a mass spectrometer and the Mascot database. The 
detected peptides are underlined and written in italic letters. The cellulose-binding domain  
[6-39], expansinA domain [233-401], and His-tag [476-483] are marked in grey. Potential 
areas for N-glycosylation and O-glycosylation are written in bold letters. The black arrows 
enclose the primary sequence of the native swollenin (CAB92328) without leader peptide. 
2.3.2 Adsorption of Swollenin  
As the adsorption of proteins is a prerequisite for amorphogenesis (Arantes and Saddler, 
2010), the adsorption of purified swollenin onto filter paper was qualitatively and 
quantitatively analyzed.  
 
For qualitative analysis, swollenin was labeled with the fluorophore FITC and subsequently 
dialyzed to remove excessive FITC. Afterwards, the labeled swollenin was incubated with 
filter paper for 2 h. Finally, the filter paper particles were analyzed by confocal laser scanning 
microscopy. As shown by Figure 2-3A, filter paper particles were fluorescent after an 
incubation with FITC-labeled swollenin. By contrast, filter paper incubated with FITC-
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labeled BSA or buffer (negative controls) showed no fluorescent particles (data not shown). 
Consequently, the fluorescence was not caused by unspecific protein adsorption or direct 
labeling of filter paper by remaining FITC. Furthermore, the reaction of FITC with amine and 
sulfhydryl groups of swollenin did not inhibit its adsorption onto cellulose. As shown by 
Figure 2-3A, the fluorescence was not homogeneous which may be explained by different and 
partially inaccessible cellulose-binding sites (Carrard and Linder, 1999; Linder and Teeri, 
1997). These different types of cellulose-binding sites are caused by: (1) the inhomogeneous 
structure of filter paper (Figure 2-3B), (2) amorphous and crystalline regions of filter paper 
(Zhang and Lynd, 2004), and (3) the generally porous structure of cellulose particles 
(Grethlein, 1985; Zhang and Lynd, 2004). 
 
 
Figure 2-3:  Confocal laser scanning microscopy of filter paper after incubation with fluorescein 
isothiocyanate (FITC)-labeled swollenin. (A) Fluorescence microscopy at 521 nm; (B) light 
microscopy; labeling: FITC Labeling Kit (Merck, Darmstadt, DE) according to the 
manufacturer’s protocol; incubation: 20 g/L Whatman filter paper No.1 in 0.05 M sodium 
acetate buffer (pH 4.8), 2 g/L FITC-labeled swollenin, T = 45°C, VL = 1 mL, n = 1000 rpm, 
d0 = 3 mm, incubation time 2 h; microscope: Opera system (PerkinElmer, Waltham, USA).  
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For quantitative analysis, the adsorption isotherm of purified, non-labeled swollenin onto 
filter paper was determined. Preliminary adsorption kinetics showed that an incubation  
time of ≤ 2 h was needed to reach equilibrium. Figure 2-4 illustrates that the adsorption  
of swollenin was a characteristic function of free swollenin concentration. After a sharp 
increase in adsorbed swollenin at low concentrations, a plateau was reached at higher 
concentrations (> 5 µmol/L). As denatured swollenin, boiled for 20 min, showed no 
adsorption, the adsorption was specific and required a functional protein structure. The 
Langmuir isotherm – Eq. 2-1 – provided a good fit (Figure 2-4, R2 = 0.91). Corresponding 
parameters – Amax(swollenin), the maximum swollenin adsorption, and KD(swollenin), the 
dissociation constant of swollenin – are listed in the legend of Figure 2-4. Similar values of 
Amax and KD were found when analyzing the adsorption of purified cellulases onto filter paper 
(Nidetzky et al. (1994b), CBH I: 0.17 µmol/g, 0.71 µmol/L; EG I: 0.17 µmol/g, 1.79 µmol/L). 
This may be attributed to the fact that swollenin exhibits a cellulose-binding domain with high 
homology to those of cellulases (Ouyang et al., 2006). However, Amax was lower for swollenin 
than for purified cellulases. According to Linder et al. (1995), single amino acid substitutions 
of cellulose-binding domains can lead to adsorption differences. Furthermore, catalytic 
domains of cellulases specifically adsorb onto cellulose independently of cellulose-binding 
domains (Lynd et al., 2002). In addition, the difference in Amax may be explained by the lower 
molecular mass of CBHs and EGs (Table 1-2) and, therefore, a better access to internal 
binding sites as described for other proteins and materials (Hunter and Carta, 2002; 
Oberholzer and Lenhoff, 1999).  
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Figure 2-4:  Adsorption isotherm of purified swollenin onto filter paper. The predicted Langmuir isotherm, 
according to Eq. 2-1, is shown as a solid line (R2 = 0.91), and corresponding parameters  
(± standard deviations) are: Amax(swollenin) = 0.089 ± 0.006 µmol/g, KD(swollenin) = 0.707 ± 
0.196 µmol/L. The initial swollenin concentration, added at the start of the incubation, is also 
shown for a better understanding of Figure 2-10; incubation: 20 g/L Whatman filter paper No.1 
in 0.05 M sodium acetate buffer (pH 4.8), T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, 
incubation time 2 h. 
2.3.3 Pretreatment of Filter Paper with Swollenin 
To verify a potential effect of recombinant swollenin on cellulose, filter paper was pretreated 
with buffer, bovine serum albumin (BSA), or recombinant swollenin. Here, swollenin in an 
initial concentration of 20 mg per g cellulose was applied (> 80% saturation, Figure 2-4). It 
should be noted that all pretreatments were initiated with the same initial number (= 80) of 
filter paper agglomerates (initial diameter: ~3 mm). As shown in Figure 2-5A, swollenin 
caused a deagglomeration of filter paper agglomerates (consisting of cellulose fibers, Figure 
1-1). Since the cellulose fibers of a single agglomerate were separated by pretreatment with 
swollenin (Figure 2-5B), the number of bigger agglomerates obviously decreased (Figure 
2-5A). This decrease in the number of bigger agglomerates (> 0.5 mm) was also quantified 
using image analysis. During pretreatment, a shaken system with relatively low shear forces 
was applied. However, to exclude a sole mechanical effect on cellulose agglomerates due to 
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shaking and to verify a specific effect of swollenin, filter paper was accordingly pretreated 
with buffer or the protein BSA (references). By contrast, the pretreatments with buffer or 
BSA showed much less deagglomeration (Figure 2-5). Consequently, the deagglomeration 
was specifically caused by swollenin. As no reducing sugars were detected by using the 
sensitive p-hydroxybenzoic acid hydrazide assay after an incubation with swollenin for 48 h, 
the reduction in the number of large agglomerates is attributed to the aforementioned 
adsorption of swollenin onto filter paper (Chapter 2.3.2) and the so-called non-hydrolytic 
deagglomeration (Arantes and Saddler, 2010).  
 
 
Figure 2-5:  Photography and light microscopy of filter paper after pretreatment with swollenin. (A) 
Macroscopic pictures of pretreated filter paper in petri dishes and number of agglomerates. All 
pretreatments were initiated with the same initial number (= 80) of filter paper agglomerates 
(initial diameter: ~3 mm). The number of agglomerates (> 0.5 mm) was measured by image 
analysis; (B) light microscopy of pretreated filter paper; pretreatment: 20 g/L cellulose in  
0.05 M sodium acetate buffer (pH 4.8), 0.4 g/L BSA (~6 µmol/L) or swollenin (~5 µmol/L), 
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, incubation time 48 h; microscope: Eclipse 
E600 (Nikon, Tokyo, JP). 
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As described by Saloheimo et al. (2002), swollenin is also able to disrupt and swell cotton 
fibers. This phenomenon results from the dispersion of cellulose microfibrils (Figure 1-1) and 
is called amorphogenesis (Arantes and Saddler, 2010; Coughlan, 1985). In this current study, 
however, the swelling of cellulose fibers was not detected when Whatman filter paper No.1 – 
a different substrate – was used (Figure 2-5B). Reasons for this may be the different structure 
of filter paper than that of cotton used by Saloheimo et al. (2002) or the low resolution of light 
microscopy. Therefore, scanning electron microscopy was applied to visualize the effect of 
swollenin on cellulose microfibrils (Figure 2-6). After pretreatments with buffer or BSA, the 
microfibrils were not dispersed, thereby resulting in a smooth and uniform surface of the 
whole fiber. By contrast, swollenin caused the microfibrils to disperse, thereby creating a 
rough and amorphic surface on the cellulose fibers. Other authors found similar results via 
scanning electron microscopy after treating cellulose with cellulose-binding domains of 
cellulases (Din et al., 1991; Gao et al., 2001; Hall et al., 2011). However, the results of this 
study indicate that recombinant swollenin from K. lactis may induce amorphogenesis of 
cellulosic substrates. 
 
 
Figure 2-6:  Scanning electron microscopy of filter paper after pretreatment with swollenin. Pictures were 
taken at two different magnifications (A, B): see scale markers; pretreatment: 20 g/L cellulose 
in 0.05 M sodium acetate buffer (pH 4.8), 0.4 g/L BSA (~6 µmol/L) or swollenin (~5 µmol/L), 
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, incubation time 48 h; microscope: Hitachi  
S-5500 (Hitachi, Tokyo, JP). 
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The non-hydrolytic deagglomeration (Figure 2-5) or amorphogenesis (Figure 2-6) of cellulose 
was also described for single cellulose-binding domains of cellulases (Din et al., 1991; Gao et 
al., 2001; Hall et al., 2011) and for other expansin-related proteins from Bacillus subtilis (Kim 
et al., 2009), Aspergillus fumigatus (Chen et al., 2010), or Bjerkandera adusta (Quiroz-
Castaneda et al., 2011a). However, there is no detailed and quantitative analysis of different 
cellulosic substrates after pretreatment with non-hydrolyzing proteins, especially with regard 
to swollenin. 
2.3.4 Effect of Swollenin on the Physical Properties of Cellulose  
To analyze in detail the effect of recombinant swollenin on cellulose, different cellulosic 
substrates were pretreated with buffer, BSA, or recombinant swollenin. After pretreatment 
and removal of bound proteins, the physical properties of the pretreated cellulosic substrates 
were analyzed by laser diffraction, cellulase adsorption studies, and crystallinity 
measurements.  
2.3.4.1 Effect of Swollenin on the Particle Size of Cellulose 
As seen in Figure 2-7A-D, the cellulosic substrates showed broad and inhomogeneous 
particle-size distributions. Upon considering the same cellulosic substrate, the pretreatments 
with buffer or BSA led to no differences in particle-size distributions and in the resulting 
geometric mean particle sizes (Figure 2-7E-H). After swollenin pretreatment, however, the 
particle-size distributions shifted to lower values, and large cellulose agglomerates were 
predominantly deagglomerated to smaller particles. The bigger the initial particle size of the 
corresponding cellulosic substrate was, the greater the total reduction in mean particle size by 
swollenin pretreatment was (filter paper > α-cellulose > Avicel). In the case of Sigmacell, all 
particle-size distributions were identical (Figure 2-7D), and the mean particle sizes did not 
change significantly by pretreatment with swollenin (Figure 2-7H). This may be explained by 
the small initial particle size of Sigmacell and the absence of cellulose agglomerates.  
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Figure 2-7:  Particle size of cellulosic substrates after pretreatment with swollenin. (A, B, C, D) Volumetric 
particle-size distribution of pretreated cellulosic substrates: (A) Whatman filter paper No.1, (B) 
α-cellulose, (C) Avicel PH101, (D) Sigmacell 101; (E, F, G, H) geometric mean particle size 
of pretreated cellulosic substrates: (E) Whatman filter paper No.1, (F) α-cellulose, (G) Avicel 
PH101, (H) Sigmacell 101. Errors are given as standard deviations; pretreatment: 20 g/L 
cellulose in 0.05 M sodium acetate buffer (pH 4.8), 0.4 g/L BSA (~6 µmol/L) or 0.4 g/L 
swollenin (~5 µmol/L), T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, incubation time 48 h; 
particles (< 2 mm) were analyzed using the particle size analyzer LS13320 (Beckman Coulter, 
Brea, USA). 
2.3.4.2 Effect of Swollenin on the Accessibility of Cellulose 
Since cellulosic particle sizes (external surface areas) influence cellulose accessibility 
(Chandra et al., 2007; Chandra et al., 2008), they also affect the adsorption of cellulases (Kim 
et al., 1988) and are an indication for the maximum cellulase adsorption (Arantes and Saddler, 
2011). To investigate if swollenin pretreatment could actually affect cellulose accessibility, 
cellulase adsorption was analyzed after pretreatment with buffer or swollenin. According to 
various authors, the adsorption of total cellulase mixtures is not interpretable by simple 
Langmuir isotherms due to multicomponent cellulase adsorption (Beldman et al., 1987; 
Zhang and Lynd, 2004). Consequently, only the maximum cellulase adsorption 
Amax(cellulase) was determined by applying different incubation times and a total cellulase 
mixture at high concentrations. Since no further increase in cellulase adsorption was detected 
after 1.5 h (data not shown), adsorption equilibrium was verified. According to the literature, 
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cellulase adsorption is rapid, and adsorption equilibrium is usually reached within 0.5-1.5 h 
(Lynd et al., 2002). Saturation of all applied cellulosic substrates was reached when using the 
following cellulase/cellulose ratios: ≥ 100 mg/g (in the case of filter paper or α-cellulose), 
≥ 150 mg/g (Avicel), ≥ 200 mg/g (Sigmacell).  
 
Table 2-1 finally summarizes the maximum cellulase adsorption (= adsorption capacity) onto 
all applied cellulosic substrates after pretreatment with buffer or swollenin. In general, the 
determined Amax(cellulase) values are consistent with the adsorption data reported in the 
literature (Hong et al., 2007; Lynd et al., 2002; Zhang and Lynd, 2004). However, the 
pretreatment with swollenin caused a significant increase in maximum cellulase adsorption 
except for Sigmacell. The relative increase in cellulase adsorption between the pretreatment 
with swollenin and the pretreatment with buffer (filter paper > α-cellulose > Avicel > 
Sigmacell) showed a similar series as the relative reduction in mean particle size (filter paper 
> Avicel > α-cellulose > Sigmacell, Figure 2-7). Consequently, the increase in adsorption 
capacities of the swollenin-pretreated samples resulted primarily from the reduction in particle 
size and the corresponding increase in cellulose accessibility. However, in the case of  
α-cellulose, the increase in maximum cellulase adsorption was disproportionately higher. This 
can be explained by the effect of swollenin on other physical properties of cellulose, such as 
crystallinity, which may influence cellulase adsorption according to various authors (Hall et 
al., 2010; Ooshima et al., 1983). Moreover, since all applied cellulosic substrates do not 
contain lignin, its influence on cellulose accessibility (Rollin et al., 2011; Sathitsuksanoh et 
al., 2011; Selig et al., 2007; Selig et al., 2009) could be neglected.  
 
Table 2-1:  Maximum cellulase adsorption onto cellulosic substrates after pretreatment with swollenin. 
Pretreatment with buffer Pretreatment with swollenin 
Substrate Amax(cellulase) 
[mgcellulase/gcellulose] 
Amax(cellulase) 
[mgcellulase/gcellulose] 
Whatman filter paper No. 1 16 31 
α-Cellulose 21 35 
Avicel PH101 52 73 
Sigmacell 101 119 122 
The coefficients of variation were below 7.5% for each value. 
Amax(cellulase) denotes the maximum cellulase adsorption.  
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2.3.4.3 Effect of Swollenin on the Crystallinity of Cellulose 
To additionally determine the influence of swollenin on the crystallinity of cellulose, the CrI 
of all pretreated cellulosic substrates was analyzed by X-ray diffraction (XRD) measurements 
(Figure 2-8). A recrystallization of cellulose by incubation with aqueous solutions (Ouajai and 
Shanks, 2006; Wormald et al., 1996) was not observed, because the initial CrI of untreated 
substrates was higher than that of cellulosic substrates treated with buffer (data not shown). 
As illustrated by Figure 2-8, the pretreatment with buffer or BSA caused no differences in 
CrI; the CrI values were identical upon considering the same cellulosic substrate. By contrast, 
swollenin pretreatment specifically reduced the CrI as follows: filter paper (-10%),  
α-cellulose (-22%), and Avicel (-13%). However, in the case of Sigmacell, no effect of 
swollenin pretreatment on CrI was detected (Figure 2-8D) which can be explained by the low 
initial CrI and the amorphous structure of Sigmacell (Dourado et al., 1999). In the case of  
α-cellulose (Figure 2-8B), the strongest reduction in CrI was measured. Since α-cellulose is 
fibrous and can consist of up to 22% xylan (Gupta and Lee, 2009), it may be more sensitive to 
non-hydrolytic decrystallization (Whitney et al., 2000). Moreover, the strong reduction in the 
CrI of α-cellulose explains the disproportionate increase in maximum cellulase adsorption 
onto α-cellulose (Table 2-1), since cellulase adsorption can increase with decreasing CrI (Hall 
et al., 2010). As reported in the literature, similar reductions in crystallinity were found by 
using other non-hydrolyzing proteins: (1) CrI of Avicel decreased by 9-12% after 
pretreatment with single cellulose-binding domains (Hall et al., 2011); (2) CrI of filter paper 
decreased by 11.8% after pretreatment with Zea h, a protein from postharvest corn stover 
(Han and Chen, 2007). Up to now, however, the influence of swollenin on the CrI of different 
cellulosic substrates has not been quantified. Therefore, Chapter 2.3.4 and its subchapters 
provide the first proof that swollenin does induce deagglomeration of cellulose agglomerates 
as well as amorphogenesis (decrystallization) (Arantes and Saddler, 2010; Coughlan, 1985). 
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Figure 2-8:  Crystallinity index of cellulosic substrates after pretreatment with swollenin. (A) Whatman 
filter paper No.1; (B) α-cellulose; (C) Avicel PH101; (D) Sigmacell 101. Errors are given as 
standard deviations; pretreatment: 20 g/L cellulose in 0.05 M sodium acetate buffer (pH 4.8), 
0.4 g/L BSA (~6 µmol/L) or 0.4 g/L swollenin (~5 µmol/L), T = 45°C, VL = 1 mL,  
n = 1000 rpm, d0 = 3 mm, incubation time 48 h; X-ray diffractometer: STADI P transmission 
diffractometer (STOE & Cie GmbH, Darmstadt, DE). xxxxxxxxx 
2.3.5 Hydrolysis of Swollenin-Pretreated Cellulose 
Upon using the same cellulase mixture, enzymatic hydrolysis rates are especially affected by 
the physical properties of the applied cellulose (Kumar and Wyman, 2009c; Zhang and Lynd, 
2004). Since swollenin pretreatment affected cellulose particle size, maximum cellulase 
adsorption as well as crystallinity, the resulting effects on subsequent hydrolysis of all 
pretreated cellulosic substrates were analyzed by using rebuffered Celluclast®. As shown in 
Figure 2-9A-C, swollenin pretreatment significantly accelerated cellulose hydrolysis, and the 
saccharification after 72 h was increased. In contrast, the corresponding hydrolysis curves for 
buffer and BSA were almost the same by comparing the same cellulosic substrate. This is 
attributed to the fact that pretreatment with buffer and BSA had no significant effect on 
particle size (Figure 2-7), maximum cellulase adsorption (Table 2-1) as well as on CrI (Figure 
2-8). In the case of filter paper (Figure 2-9A), the hydrolysis-accelerating effect of swollenin 
pretreatment was stronger than that for α-cellulose (Figure 2-9B) and Avicel (Figure 2-9C). 
This may be explained by the substantial decrease in mean particle size (Figure 2-7) and the 
strong increase in maximum cellulase adsorption (Table 2-1) for filter paper by swollenin 
pretreatment. Figure 2-9D shows that the hydrolysis curves of Sigmacell were almost the 
same, since swollenin pretreatment did not change the physical properties of Sigmacell. 
 
Pretreatment of Cellulose with Swollenin  50 
 
Figure 2-9:  Hydrolysis of cellulosic substrates after pretreatment with swollenin. (A) Whatman filter paper 
No.1; (B) α-cellulose; (C) Avicel PH101; (D) Sigmacell 101. Errors are given as standard 
deviations; pretreatment: 20 g/L cellulose in 0.05 M sodium acetate buffer (pH 4.8), 0.4 g/L 
BSA (~6 µmol/L) or 0.4 g/L swollenin (~5 µmol/L), T = 45°C, VL = 1 mL, n = 1000 rpm,  
d0 = 3 mm, incubation time 48 h; hydrolysis: 10 g/L pretreated cellulose in 0.05 M sodium 
acetate buffer (pH 4.8), 1 g/L rebuffered Celluclast®, T = 45°C, VL = 1 mL, n = 1000 rpm,  
d0 = 3 mm. 
 
Furthermore, the relationship between the hydrolysis-accelerating effect and the amount of 
swollenin applied during pretreatment was investigated (Figure 2-10). Compared to the 
aforementioned experiments (Figures 2-9 and 2-10; 20 mg swollenin per g cellulose), less 
swollenin (5 mg per g cellulose) caused a less accelerated hydrolysis, and the final 
concentration of reducing sugars was 0.85-fold smaller (Figure 2-10). However, when the 
amount of swollenin was decreased merely from 20 mg/g to 15 mg/g, the same reducing sugar 
concentration was detected after 72 h. Since maximum swollenin adsorption was reached at 
higher initial swollenin concentrations (> 60 mg/g for 95% saturation, Figure 2-4), these 
results show that even non-saturating swollenin concentrations of 15-20 mg/g are sufficient 
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for a maximum hydrolysis-accelerating effect. This may be explained as follows: (1) not all 
accessible cellulose-binding sites must be occupied for a maximum hydrolysis-accelerating 
effect; (2) swollenin reversibly binds to cellulose, thereby performing further 
deagglomeration and amorphogenesis at multiple cellulose-binding sites. The reversible 
adsorption onto cellulose-binding sites was already reported for cellulases containing 
cellulose-binding domains (Linder and Teeri, 1996). 
 
 
Figure 2-10:  Hydrolysis of filter paper after pretreatment with different swollenin concentrations. Errors are 
given as standard deviations; pretreatment: 20 g/L Whatman filter paper No.1 in 0.05 M 
sodium acetate buffer (pH 4.8), different concentrations of swollenin, T = 45°C, VL = 1 mL,  
n = 1000 rpm, d0 = 3 mm, incubation time 48 h; hydrolysis: 10 g/L pretreated cellulose in  
0.05 M sodium acetate buffer (pH 4.8), 1 g/L rebuffered Celluclast®, T = 45°C, VL = 1 mL,  
n = 1000 rpm, d0 = 3 mm. 
2.3.6 Correlating Hydrolysis Rates with the Physical Properties of 
Cellulose 
Finally, an empirical correlation for initial hydrolysis rates based on CrI and mean particle 
size was determined for the pretreated cellulosic substrates (Figure 2-11). In this 
investigation, the correlation showed that the swollenin-induced reduction in CrI and particle 
size resulted in high cellulose hydrolysis rates. Furthermore, Figure 2-11 illustrates the 
aforementioned differences in cellulose hydrolysis rates (Figure 2-9) for various substrates 
and pretreatments. In addition, it confirms the following findings of other authors: (1) since 
smaller cellulose particle sizes lead to increased cellulase adsorption (Kim et al., 1988) 
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(Chapter 2.3.4.2), hydrolysis rates increase with decreasing cellulose particle size (Dasari and 
Berson, 2007; Yeh et al., 2010); (2) since a reduction in CrI leads to increased cellulase 
adsorption and higher reactivity of adsorbed cellulases, hydrolysis rates correlate inversely 
with the CrI of the applied cellulose (Hall et al., 2010). However, it should be noted that 
Figure 2-11 shows an empirical correlation for the conducted hydrolysis experiments. By 
applying other concentrations or types of cellulases and cellulosic substrates, different 
physical properties of the substrate (e.g. porosity, Huang et al., 2010) might predominate. 
 
 
Figure 2-11:  Influence of crystallinity and mean particle size on the hydrolysis of cellulosic substrates. Data 
points were obtained from Figure 2-7 (mean particle size), Figure 2-8 (crystallinity index), and 
Figure 2-9 (initial hydrolysis rate from 0-6 h). TableCurve 3D was used to determine an 
empirical surface fit (R2 = 0.93) based on a non-linear Gaussian cumulative function (Eq. 2-4).  
2.4 Conclusions 
Recombinant swollenin was easily produced with the yeast K. lactis and purified by affinity 
chromatography. Additionally, the adsorption of swollenin onto cellulose was quantified for 
the first time, and its adsorption parameters (Amax, KD) were comparable to those of individual 
cellulases. The pretreatment with swollenin caused a significant decrease in particle size as 
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well as in crystallinity of the cellulosic substrates, thereby substantially increasing maximum 
cellulase adsorption. Moreover, pretreatment of the cellulosic substrates with swollenin  
– even in non-saturating concentrations – significantly accelerated the hydrolysis. By 
correlating particle size and crystallinity with initial hydrolysis rates, it could be shown that 
high initial hydrolysis rates resulted from the swollenin-induced reduction in particle size and 
crystallinity. Consequently, Chapter 2 shows an efficient means to produce recombinant 
swollenin with the robust yeast K. lactis. Moreover, it is shown that swollenin induces 
deagglomeration of cellulose agglomerates as well as amorphogenesis (decrystallization). For 
the first time, Chapter 2 quantifies and elucidates in detail how swollenin affects cellulosic 
substrates and their subsequent hydrolysis. Since standard assays are missing for 
deagglomeration, amorphogenesis, and the comparison of different non-hydrolyzing proteins, 
Chapter 2 may serve as an initial means to establish such assays. 
 
A pretreatment of cellulosic substrates has been presented which is simply based on the 
incubation of recombinant swollenin under mild conditions. Since the enzymatic hydrolysis of 
cellulose is a rate-limiting processing step in biorefineries (Lynd et al., 2002), this 
pretreatment could significantly improve hydrolysis rates. To finally understand the action of 
swollenin on the cellulose surface, additional experiments need to be performed by using the 
single domains of swollenin (cellulose-binding domain and expansin-homologous domain). 
Thereby, it may be elucidated to what extend the single domains contribute to the swollenin-
induced deagglomeration and amorphogenesis of cellulosic substrates. With respect to the 
action of swollenin, Saloheimo et al. (2002) already hypothesized that the expansin-
homologous domain is able to stretch along the cellulose fiber. This ability may be important 
for the action of swollenin and primarily lead to its effects on cellulosic substrates. 
 
To exclude possible side-effects between swollenin and cellulase, swollenin pretreatment was 
performed as a separate step within this study. After pretreatment, all cellulosic substrates 
were washed to remove adsorbed swollenin. From an industrial point of view, this additional 
desorption procedure may be too expensive. In future studies, swollenin should be directly 
added during cellulose hydrolysis. Here, possible side-effects between swollenin and 
cellulase, such as cooperative or competitive adsorption (Jeoh et al., 2002), need to be 
investigated. 
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3 Enzymatic Hydrolysis of Cellulose  
As shown by the Figures 1-4 and 1-9, the pretreatment of (ligno-)cellulose is generally 
followed by the hydrolysis of cellulose. In Chapter 2, it was quantitatively shown how 
swollenin pretreatment affects relevant physical properties of cellulosic substrates and how it 
improves their subsequent hydrolysis. Besides the application of pretreatment techniques, the 
enzymatic hydrolysis of cellulose can also be improved by adjusting hydrolysis conditions or 
applying novel cellulases. To allow a knowledge-based improvement, the enzymatic cellulose 
hydrolysis needs to be characterized and a better understanding of its mechanism needs to be 
established (Lynd et al., 2002; Zhang and Lynd, 2004). 
 
When characterizing the enzymatic hydrolysis of cellulose, practical insoluble cellulosic 
substrates and sophisticated cellulase assays are essential (Chapter 1.4.2.4). Therefore, within 
Chapter 3.1, insoluble α-cellulose is proposed as a practical cellulosic substrate to characterize 
cellulase adsorption and activity. Here, the influence of various hydrolysis conditions (such as 
hydrodynamics) is elucidated in detail. In Chapter 3.2, a new sophisticated cellulase assay is 
presented which combines high-throughput, online analysis, and insoluble cellulosic 
substrates.  
3.1 Practical Screening and Characterization of Purified 
Cellobiohydrolases and Endoglucanases with 
α-Cellulose  
3.1.1 Introduction 
For the industrial use of lignocellulose, the hydrolysis of its main component cellulose to 
glucose is essential. As shown in Chapter 1.4.2.1, at least three different types of cellulases 
are involved during the enzymatic hydrolysis of cellulose (Himmel et al., 1999; Himmel et al., 
2007; Lynd et al., 2002; Mielenz, 2001): cellobiohydrolase (CBH, EC 3.2.1.91), 
endoglucanase (EG, EC 3.2.1.4), and β-glucosidase (EC 3.2.1.21). As the cellulose 
depolymerization performed by CBHs and EGs is the rate-limiting step for the whole 
hydrolysis (Zhang et al., 2006), screening for CBHs and EGs is important. However, CBHs 
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and EGs are often characterized with different impractical model substrates that do not mimic 
the real biomass in biorefineries (Chapter 1.4.2.4) (Zhang et al., 2006). Thus, screening 
experiments need to be conducted with a more practical substrate such as α-cellulose so that 
proper cellulases are selected which best hydrolyze the biomass actually used in biorefineries. 
 
α-Cellulose is a solid residue of lignocellulose after extraction with strong alkali (Adams and 
Bishop, 1953; Green, 1963; Sjöström and Alén, 1999) and mainly consists of cellulose and a 
small amount of hemicellulose (up to 22% (w/w) xylan; Gupta and Lee, 2009). α-Cellulose 
exhibits similar crystallinity and porosity to wood biomass (Zhang and Lynd, 2004) and 
shows the natural structure of cellulose fibers (Figure 3-1). Up to now, it has just been used 
for assaying total cellulase activity (Zhang et al., 2006). In contrast, conventional model 
substrates, further processed from α-cellulose, are more artificial (Sjöström and Alén, 1999), 
because they are dyed, derivatized, or water-soluble and show unnatural physical properties 
(such as accessibility, crystallinity, degree of polymerization) (Zhang et al., 2006). In 
particular, hydrolysis data based on water-soluble substrates are not pertinent to the realistic 
hydrolysis of insoluble substrates (Zhang et al., 2006), because the adsorption of cellulases 
onto the cellulosic substrate is ignored (Lynd et al., 2002; Pristavka et al., 2000; Rabinovich 
et al., 1982; Yuldashev et al., 1993). Consequently, insoluble α-cellulose is more natural and 
most similar to alkaline-pretreated cellulosic biomass used in biorefineries (Zhang et al., 
2006).  
 
Since α-cellulose is insoluble, the adsorption of cellulases onto α-cellulose is a prerequisite 
for hydrolysis (Lynd et al., 2002; Tanaka et al., 1986; Zhang and Lynd, 2004). Cellulase 
adsorption is usually analyzed using the Langmuir isotherm (Bansal et al., 2009). It assumes a 
single, reversible adsorption step to uniform cellulose-binding sites without interactions 
among cellulases. However, according to various authors, the cellulase adsorption onto the 
respective cellulose was found to be irreversible (Kyriacou et al., 1989; Ma et al., 2008; 
Palonen et al., 1999). In addition, cellulase interactions, cellulose heterogeneity, and porosity 
were also cited (Beldman et al., 1987; Carrard and Linder, 1999; Grethlein, 1985; Jeoh et al., 
2002; Linder and Teeri, 1997). Consequently, several alternative adsorption models were 
developed (Linder and Teeri, 1996; Medve et al., 1997; Stahlberg et al., 1991; Woodward et 
al., 1988). Nevertheless, the Langmuir isotherm is the most common model for cellulase 
adsorption and is easily interpretable (Hoshino et al., 1992; Kumar and Wyman, 2009b; Lynd 
et al., 2002; Zhang and Lynd, 2004). Besides the applied cellulases and substrates, 
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temperature is especially important as it affects cellulase adsorption. Here, the amount of 
adsorbed cellulase is decreased with increasing temperature (Kim et al., 1992; Kyriacou et al., 
1989; Medve et al., 1994; Ooshima et al., 1983). 
 
 
Figure 3-1:  Light microscopic pictures of the applied cellulosic substrates. (A) Carboxymethyl cellulose 
(water-soluble); (B) Avicel PH101; (C) Sigmacell 101; (D) α-cellulose; 10 g/L cellulose in  
0.1 M sodium acetate buffer at pH 4.8; microscope: Eclipse E600 (Nikon, Tokyo, JP). 
 
Few cellulase adsorption studies have been performed using α-cellulose or other fibrous 
substrates (Bansal et al., 2009), and these studies utilized complex cellulase systems (Gan et 
al., 2003; Moon et al., 2001; Peri et al., 2007; Shin et al., 2006); as yet, no purified cellulases 
have been analyzed with α-cellulose. As insoluble substrates are applied, attention has to be 
paid to hydrodynamics. Until now, cellulase adsorption and activity have not been 
investigated systematically by considering liquid mixing and particle suspension. 
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Besides the investigation of cellulase adsorption and activity, the kinetic modeling of 
cellulose hydrolysis is a powerful tool to quantitatively predict and understand the enzymatic 
hydrolysis of cellulose (Bansal et al., 2009; Zhang and Lynd, 2004). It allows the rapid study 
of a proposed hydrolysis process through the simple use of computational methods (Levine et 
al., 2010). By understanding the kinetics and mechanisms of the enzymatic cellulose 
hydrolysis, a rational design and optimization of the hydrolysis process can be achieved. Up 
to now, a large number of models have been developed to predict the enzymatic hydrolysis of 
cellulose (Bansal et al., 2009; Zhang and Lynd, 2004). These models can be divided into three 
categories: (1) empirical models, (2) semi-mechanistic models, and (3) mechanistic models. 
The development of fully mechanistic models is still ongoing due to the complexity of 
cellulose hydrolysis (Bansal et al., 2009; Engel et al., 2011). However, empirical and semi-
mechanistic models have been successfully applied to predict initial hydrolysis rates and 
hydrolysis kinetics (Bailey, 1989; Engel et al., 2011; Zhang and Lynd, 2004). The semi-
mechanistic models are particularly useful, since only few information are sufficient to 
describe the applied hydrolysis system (Bansal et al., 2009). 
 
In Chapter 3.1, insoluble α-cellulose is proposed and applied as a more practical substrate to 
screen and characterize purified CBHs and EGs. Therefore, the adsorption and activity of 
these purified cellulases is analyzed in detail. Moreover, a semi-mechanistic model is 
developed to predict the kinetics of α-cellulose hydrolysis. In addition, the influence of 
various hydrolysis conditions (such as pH, temperature, and hydrodynamics) on the action of 
purified cellulases is elucidated. Here, this study investigates and correlates in detail cellulase 
adsorption and activity under different hydrodynamic conditions. 
3.1.2 Materials and Methods 
3.1.2.1 Cellulosic Substrates 
The cellulosic substrates carboxymethyl cellulose (CMC), Avicel PH101, Sigmacell 101, and 
α-cellulose (Figure 3-1) were purchased from Sigma-Aldrich (St. Louis, USA). The physical 
properties and product information are presented in Table 3-1. The crystallinity index CrI of 
the cellulosic substrates was determined by powder X-ray diffraction (XRD) as described in 
Chapter 2.2.14. Different CrI values for Sigmacell 101 can be found in the literature 
(Dourado et al., 1999; Pala et al., 2002). In Chapter 2.3.4.3, other CrI values for  
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Sigmacell 101 were also determined. This may be explained by the varying quality of this 
cellulose type depending on batches and production location (Park et al., 2010). Nevertheless, 
Sigmacell 101 is typically chosen as a more amorphous cellulose (Dourado et al., 1999). The 
weight-average degree of polymerization DPw was determined for all cellulosic substrates by 
gel permeation chromatography as described by Evans et al. (1989) – in cooperation with 
Roberto Rinaldi from the “Max-Planck-Institut für Kohlenforschung” (Mülheim an der Ruhr, 
DE). In addition, the geometric mean particle size dP was analyzed by laser diffraction 
(Bowen, 2002) as described in Chapter 2.2.13. 
 
Table 3-1:  Physical properties and product information of applied cellulosic substrates. 
Substrate Solubility in water Impurities 
CrI 
[%] 
DPw  
[AGU] 
dp 
[µm] Brand 
Product  
code 
CMC Solublea Purea - 400c - Flukad 21900 
Avicel PH101 Insolublea Purea 82 200-240 43.82 Flukad 11635 
Sigmacell 101 Insolublea Purea Amorphouse 1590-1960 15.86 Sigmad S6790 
α-Cellulose Insolublea 
Impure:  
22% (w/w) 
xylanb 
64 2140-2420 68.77 Sigmad C8002 
CMC, carboxymethyl cellulose; CrI, crystallinity index; DPw, the weight-average degree of polymerization;  
dP, geometric mean particle size.  
a
 According to Zhang et al. (2006). 
b
 According to Gupta and Lee (2009). The amount of xylan was verified for the α-cellulose batch, applied within
 this study, by complete enzymatic hydrolysis of α-cellulose and subsequent HPLC-analysis of glucose and
 xylose (data not shown). 
c
 According to manufacture’s data. 
d
 Fluka and Sigma are subsidiaries of Sigma-Aldrich. 
e
 In the case of Sigmacell 101, no clearly resolved X-ray diffraction profiles were detected. Instead, a smooth
 peak was detected which is typical for amorphous cellulose according to various authors (Bansal et al., 2010;
 Hall et al., 2010). Pala et al. (2002) found similar results for Sigmacell 101. 
3.1.2.2 Purification of Cellulases 
The commercial cellulase preparation Celluclast® 1.5L (Novozymes, Bagsværd, DK) was 
applied to purify the cellulases CBH I, CBH II, EG I, and EG II by using column 
chromatography, with an Äkta FPLC (GE Healthcare, Buckinghamshire, UK) which 
automatically measures conductivity and ultraviolet absorbance at 280 nm. All the columns 
were purchased from GE Healthcare. In addition, chromatographic experiments were carried 
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out at room temperature, and the automatically collected fractions were directly cooled at 
4°C. For anion exchange chromatography, 7.5 mL Celluclast® was previously rebuffered 
using 0.05 M Tris-HCl buffer (pH 7) and Sephadex G-25 Fine (dimensions: 2.6 cm × 10 cm) 
at 110 cm/h. The rebuffered sample was loaded on DEAE-Sepharose (dimensions: 1.6 cm × 
10 cm) at 60 cm/h using 0.05 M Tris-HCl (pH 7) as a running buffer. The bound proteins 
were eluted stepwise (35% v/v, 100% v/v) with 0.2 M sodium chloride in 0.05 M Tris-HCl 
buffer (pH 7). Furthermore, hydrophobic interaction chromatography was performed with 
1 M ammonium acetate buffer (pH 5.5) and phenyl-Sepharose (dimensions: 1.6 cm × 2.5 cm) 
at 30 cm/h. No additional salts had to be added as ammonium effectively promotes ligand-
protein interactions in hydrophobic interaction chromatography (Henrissat et al., 1985; 
Melander and Horvath, 1977). After loading of a rebuffered sample, the bound proteins were 
eluted with 0.05 M ammonium acetate buffer (pH 5.5). Moreover, cation exchange 
chromatography was performed with 0.02 M sodium acetate buffer (pH 3.6) and SP-
Sepharose (dimensions: 1.6 cm × 2.5 cm) at 60 cm/h. The rebuffered sample was loaded, and 
bound proteins were eluted stepwise (15% v/v, 100% v/v) with 1 M sodium chloride in  
0.02 M sodium acetate buffer (pH 3.6). Finally, when size exclusion chromatography was 
applied, a 0.6 mL sample was directly injected using 0.01 M sodium acetate buffer (pH 4.8) 
and Sephacryl S-200 HR (dimensions: 1.6 cm × 60 cm) at 15 cm/h. 
3.1.2.3 SDS-Polyacrylamide Gel Electrophoresis of Cellulases 
SDS-polyacrylamide gel electrophoresis (Laemmli, 1970) was applied to analyze the 
molecular mass (identity) and purity of single cellulases. The assay was performed as 
described in Chapter 2.2.5. In contrast to Chapter 2.2.5, the Prestained Protein Marker (New 
England Biolabs, Ipswich, USA) was used as a molecular mass marker (Appendix B).  
3.1.2.4 Measurement of Cellulase Concentration 
After cellulase purification, the cellulase concentrations of the final samples were analyzed by 
the bicinchoninic acid assay (Smith et al., 1985) as described in Chapter 2.2.7.  
3.1.2.5 Qualitative Adsorption Study of Cellulases via Confocal Laser 
Scanning Microscopy 
By applying confocal laser scanning microscopy, the adsorption of purified cellulases onto 
α-cellulose was qualitatively verified. As described in Chapter 2.2.9, purified cellulases were 
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labeled with fluorescein isothiocyanate (FITC), and FITC-labeled cellulases were 
subsequently dialyzed to remove excessive FITC. Two different blanks were labeled and 
dialyzed similarly: (1) without cellulase (= buffer) or (2) with BSA instead of cellulase. After 
labeling and dialysis, adsorption experiments were performed in 0.1 M sodium acetate buffer 
(pH 4.8) using 10 g/L α-cellulose and 1 g/L labeled cellulase. Solutions with α-cellulose and 
solutions with labeled cellulase were preincubated separately at 45°C for 10 min, and 
experiments were started by mixing both solutions. The final mixtures were incubated for 
40 min as described in Chapter 2.2.9. To verify a specific adsorption of labeled cellulases, 
blanks without cellulases (= buffer) or with labeled BSA instead of labeled cellulases were 
incubated similarly. After incubation, the samples were put on ice and immediately analyzed 
by confocal laser scanning microscopy as described in Chapter 2.2.9.  
3.1.2.6 Quantitative Adsorption Experiments with Cellulases 
Quantitative adsorption experiments were performed in 0.1 M sodium acetate buffer (pH 4.8) 
using 10 g/L α-cellulose and various amounts (see below) of the particular cellulases CBH I 
and EG I. Solutions with α-cellulose and solutions with cellulases were preincubated 
separately at 45°C for 10 min, and experiments were started by mixing both solutions. The 
final mixtures were incubated as duplicates in 2 mL Eppendorf tubes with a filling volume  
VL = 1 mL on a thermomixer MHR23 (HLC Biotech, Bovenden, DE) with a shaking diameter 
d0 = 3 mm. Blanks, either without cellulase, neither substrate nor cellulase, or without 
substrate were incubated similarly. The incubation was stopped by centrifugation (8000 g,  
1 min), and the supernatants were immediately analyzed for unbound cellulase using the 
bicinchoninic acid assay (Chapter 3.1.2.4). As single cellulases and short incubation times 
were applied, only small amounts of reducing sugars were produced and, therefore, cellulase 
adsorption could be analyzed by the bicinchoninic acid assay (Kumar and Wyman, 2008). 
The adsorbed cellulase concentration was calculated as the difference between initial (blanks) 
and unbound cellulase concentration.  
 
In order to determine adsorption isotherms, the cellulase concentrations were varied between 
0.01 g/L and 1.25 g/L. Preliminary adsorption kinetics showed that an incubation time of 
40 min was needed to reach equilibrium. The shaking frequency was n = 1000 rpm to exclude 
mass transfer limitations. Adsorption isotherm parameters were determined using the 
Langmuir isotherm (Chapter 2.2.10 and Eq. 2-1). 
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In order to determine adsorption kinetics, the final cellulase concentration was 0.9 g/L, and 
the incubation time was varied between 0-100 min. Different shaking frequencies  
n = 0-1000 rpm were chosen to analyze hydrodynamic effects. Parameters for adsorption 
kinetics were determined using simple pseudo-first-order kinetics (Copeland, 2000): 
 
 
)1()( )( tkEQ adeAtA ⋅−−⋅=   ( 3-1 ) 
 
In Eq. 3-1, A(t) denotes the amount of adsorbed protein [µmolprotein/gcellulose] at time t [s], AEQ, 
the amount of adsorbed protein at equilibrium [µmolprotein/gcellulose], and kad, the pseudo-first-
order adsorption rate constant for approaching equilibrium [1/s]. To reach the complete 
saturation of α-cellulose, high cellulase concentrations were applied during kinetic adsorption 
studies. Consequently, AEQ can be replaced by the maximum protein adsorption Amax 
[µmolprotein/gcellulose].  
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3.1.2.7 Hydrolysis Experiments 
Hydrolysis experiments with a final concentration of 10 g/L cellulose and 0.1 g/L cellulase 
were performed in 0.1 M sodium acetate buffer (pH 4.8). The mixtures were incubated as 
triplicates in 2 mL Eppendorf tubes with VL = 1 mL on a thermomixer MHR23 at 45°C,  
n = 0-1000 rpm, and d0 = 3 mm. Blanks, either without cellulase – neither substrate nor 
cellulase – or without substrate, were incubated similarly. 
 
In case of kinetic experiments, samples were taken after defined time intervals, and the 
hydrolysis was stopped by boiling (10 min, 100°C). To determine initial cellulase activities, 
incubation times were fixed depending on the applied substrate: 10 min for CMC, 120 min for 
Avicel PH101, 30 min for Sigmacell 101, and 60 min for α-cellulose. Here, preliminary 
kinetic experiments showed that, during the fixed incubation times, the reducing sugar 
concentrations were linearly increasing, and inhibiting product concentrations were not 
reached. In addition, low enzyme concentrations were applied, so jamming of cellulases could 
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be neglected (Bommarius et al., 2008). The cellulase activities on Avicel and CMC were used 
to differentiate CBHs and EGs, respectively (Ghose, 1987; Zhang et al., 2006). 
  
Finally, reducing sugars were quantified by applying the dinitrosalicylic acid assay (Chapter 
3.1.2.8), and specific sugars (glucose, cellobiose, and cellotriose) were quantified via HPLC 
(Chapter 3.1.2.9). 
3.1.2.8 Dinitrosalicylic Acid Assay and the Definition of Cellulase Activities 
The amount of released reducing sugars was determined with the dinitrosalicylic acid assay 
(Miller, 1959) as described in Chapter 2.2.16. Product concentrations were calculated using 
glucose as a standard, and activities were expressed as the unit U (defined as 
µmolglucose equivalents/min). As CBHs and EGs show different product profiles (Kim et al., 
1994b), cellulase activities may be underestimated when glucose is used as a standard in 
reducing sugar assays (Zhang et al., 2006). Nevertheless, glucose is often applied (Ghose, 
1987) when analyzing relative changes in single cellulase activities. 
3.1.2.9 HPLC-Analysis of Soluble Sugars 
Glucose, cellobiose, and cellotriose concentrations were measured with a Dionex HPLC 
Ultimate 3000 (Dionex, Sunnyvale, USA) – equipped with an organic acid-resin (300 mm x 
8 mm, CS-Chromatographie, Langerwehe, DE) and a Shodex RI-101 detector (Showa Denko, 
Tokyo, JP). Sulphuric acid in a concentration of 5 mM was used as solvent at a flow rate of 
0.6 mL/min and a temperature of 60°C.  
3.1.2.10 Effect of pH and Temperature on Cellulase Activity 
To analyze the influence of pH and temperature on cellulase activity, initial cellulase 
activities were determined at various incubation conditions while using α-cellulose as a 
substrate. Here, hydrolysis experiments were generally performed as described in Chapter 
3.1.2.7. When analyzing the influence of pH, the hydrolysis experiments were conducted at a 
constant temperature of 45°C and in 0.1 M phosphate buffer at different pH values ranging 
from 2.1 to 8.6, adjusted with HCl and NaOH. Here, the phosphate buffer was used instead of 
sodium acetate buffer, since phosphate buffer exhibits a larger buffer capacity. However, 
when analyzing the influence of temperature, the hydrolysis experiments were conducted at 
different temperatures and in 0.1 M sodium acetate buffer at a constant pH value of 4.8. 
Enzymatic Hydrolysis of Cellulose  63 
Parameters describing the effect of the pH value on cellulase activity were determined using 
the following Eq. 3-3 (Copeland, 2000): 
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where V denotes the cellulase activity [g/(L·h)] at a defined pH value, VpH,optimal, the cellulase 
activity at optimal pH value [g/(L·h)], and Ka1 and Ka2 refer to the acid dissociation constants 
[mol/L] for the two hypothetical, relevant acid-base groups of the cellulase.  
 
To describe the effect of temperature on cellulase activity, the Arrhenius equation was applied 
(Copeland, 2000): 
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In Eq. 3-4, kcat,app denotes the apparent turnover number [1/s] of the cellulase, Apre, the  
pre-exponential factor [1/s], EA, the activation energy of the reaction [kJ/mol], R, the ideal gas 
constant [8.314 J/(mol·K)], and T, the temperature [K]. At constant cellulase concentration 
and hydrolysis conditions, kcat,app can be replaced by the apparent maximum cellulase activity 
Vmax,app [g/(L·h)] (Copeland, 2000): 
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3.1.2.11 Determination of Hydrodynamics 
In order to determine the hydrodynamics during the various adsorption and activity 
experiments, pictures of the liquid phase with immersed α-cellulose particles were taken at 
different shaking frequencies. A mixture of 10 g/L α-cellulose in 0.1 M sodium acetate buffer 
(pH 4.8) was shaken in a transparent 2 mL Eppendorf tube with an inner tube diameter 
Dt = 1 cm on an orbital shaking platform. The filling volume VL and the shaking diameter d0 
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were constant at VL = 1 mL and d0 = 3 mm. A miniature charged-coupled device camera 
XC-777AP (Sony, Tokyo, JP) was installed on the orbital shaking platform close to the 
Eppendorf tube, and video images were recorded. At all shaking frequencies, a pause of 5 min 
was given to allow the suspension to stabilize itself before the next shaking frequency was set. 
The critical shaking frequency ncrit [-] for liquid mixing, depending on the geometric (d0, Dt, 
VL) and physical parameters (liquid density ρL, surface tension σ) of the applied reaction 
system, was calculated according to Hermann et al. (2003): 
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The critical shaking frequency ncrit is reached when the labor delivered by the centrifugal 
force is equal to the surface tension of the liquid. Since sodium acetate is capillary-inactive 
and cellulose loading was low, both their impacts were negligible. 
3.1.2.12 Modeling of Cellulose Hydrolysis  
A semi-mechanistic model was used to predict the kinetics of cellulose hydrolysis. The model 
was developed as described in Chapter 3.1.3.7.  
3.1.2.13 Computational Methods 
Parameters of the adsorption models (Chapter 3.1.2.6) and the activity models (Chapter 
3.1.2.10) were calculated by nonlinear, least squares regression analysis using MATLAB 
version R2008b (The MathWorks, Natick, USA). The kinetics of cellulose hydrolysis 
(Chapter 3.1.2.12) was modeled with the software ModelMaker Version 3.0.4 (Cherwell 
Scientific Ltd, Oxford, UK). The model was solved with the Runge-Kutta method, and 
parameter estimation was performed by minimizing the sum of least squares using the 
simplex algorithm. 
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3.1.3 Results and Discussion 
3.1.3.1 Purification of Cellulases 
The enzyme mixture Celluclast®, consisting of cellulolytic and xylanolytic enzymes produced 
by Trichoderma reesei (Gama et al., 1998; Henrissat et al., 1985; Herpoel-Gimbert et al., 
2008), was used as the source material to purify the individual cellulases. According to their 
relative protein amount (Chapter 1.4.2.3), the main cellulases are CBH I, CBH II, EG I, and 
EG II (Goedegebuur et al., 2002; Nagendran et al., 2009; Rosgaard et al., 2007; Tolan and 
Foody, 1999). Figure 3-2 shows a flow diagram for the applied chromatographic purification 
of these various cellulases. After every purification step, the fractions were comprehensively 
analyzed by SDS-polyacrylamide gel electrophoresis and cellulase activity assays using 
Avicel and CMC to differentiate CBHs and EGs, respectively. The chromatograms and 
fraction analysis (including SDS-polyacrylamide gel electrophoresis and cellulase activity 
assay) of all purification steps are shown in Appendix A. 
 
In order to determine the molecular mass and purity of the individual cellulases, SDS-
polyacrylamide gel electrophoresis (Figure 3-3) and a densitometric analysis (Tan et al., 
2007) were applied. By comparing the molecular masses with values reported in the literature 
(summarized in Table 1-2) (Gama et al., 1998; Henrissat et al., 1985; Herpoel-Gimbert et al., 
2008; Jeoh et al., 2008; Schülein, 1988; Shoemaker et al., 1983; Tomme et al., 1988), the 
following cellulases were identified: CBH I (61 kDa), CBH II (54 kDa), EG I (55 kDa), and 
EG II (46 kDa). In addition, the amino acid sequence of each cellulase was determined by 
mass spectrometry (Schuchardt and Sickmann, 2007), and cellulase identities were checked 
using the Mascot database (Grosse-Coosmann et al., 2005) (data not shown). The final 
fractions showed cellulases with high purity (≥ 0.99), which is better or comparable with the 
results of other researchers (Ellouz et al., 1987; Henrissat et al., 1985; Medve et al., 1998b; 
Shoemaker et al., 1983). In other studies, only two or three of the major T. reesei cellulases 
could be purified (Medve et al., 1998b; Schülein, 1988; Shoemaker et al., 1983) or more 
purification steps were necessary (Gama et al., 1998). 
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Figure 3-2:  Flow diagram for the applied chromatographic purification of the individual cellulases. Roman 
numbers indicate the different chromatographic purification steps. After every purification 
step, the fractions were analyzed by SDS-polyacrylamide gel electrophoresis and cellulase 
activity assays using Avicel and carboxymethyl cellulose (CMC) to differentiate 
cellobiohydrolases (CBH) and endoglucanases (EG), respectively. The chromatograms and 
fraction analysis (including SDS-polyacrylamide gel electrophoresis and cellulase activity 
assay) of all purification steps are shown in Appendix A.  
 
 
Figure 3-3:  SDS-polyacrylamide gel electrophoresis of the purified cellulases. (M) molecular mass marker, 
(1) cellobiohydrolase (CBH) I, (2) CBH II, (3) endoglucanase (EG) I, (4) EG II; 12% 
polyacrylamide gel, the same volume of the purified cellulase samples (15 µL) was loaded onto 
the particular slots. 
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3.1.3.2 Qualitative Adsorption Study of Cellulases via Confocal Laser 
Scanning Microscopy 
Since the adsorption of cellulases is a prerequisite for cellulose hydrolysis, qualitative 
(Chapter 3.1.3.2) and quantitative adsorption studies (Chapters 3.1.3.3 and 3.1.3.4) were 
performed by the example of CBH I and EG I. After these were purified, their adsorption onto 
α-cellulose as a practical cellulosic substrate was analyzed. 
 
For the initial qualitative analysis, CBH I and EG I were labeled with the fluorophore FITC 
and subsequently dialyzed to remove excessive FITC. Afterwards, the labeled cellulases were 
separately incubated with α-cellulose for 40 min. Finally, the resulting α-cellulose particles 
were analyzed by confocal laser scanning microscopy. Figure 3-4A shows that α-cellulose 
was fluorescent after incubation with FITC-labeled CBH I and FITC-labeled EG I. By 
contrast, after incubation with FITC-labeled BSA or buffer (negative controls), no fluorescent 
α-cellulose particles could be detected (data not shown). Therefore, the fluorescence was not 
caused by unspecific protein adsorption or direct labeling of α-cellulose by remaining FITC. 
Moreover, the reaction of FITC with amine and sulfhydryl groups of cellulases did not inhibit 
their adsorption onto cellulose. In accordance with the adsorption study of FITC-labeled 
swollenin onto filter paper (Figure 2-3A, Chapter 2.3.2), the fluorescence was not 
homogeneously distributed among a single α-cellulose particle (Figure 3-4A). Moreover, the 
fluorescence intensity varied between different particles. Here, the α-cellulose particles with a 
rough surface (black arrows, Figure 3-4) showed a slightly higher fluorescence than those 
particles with a smooth surface (white arrows, Figure 3-4). As already described in Chapter 
2.3.2, this inhomogeneity may again be explained by different and partially inaccessible  
α-cellulose-binding sites (Carrard and Linder, 1999; Linder and Teeri, 1997) resulting from: 
(1) the inhomogeneous structure of α-cellulose (Figure 3-4B), (2) amorphous and crystalline 
regions of α-cellulose (Table 3-1), and (3) the general porosity of cellulose particles 
(Grethlein, 1985; Zhang and Lynd, 2004). 
 
 
Enzymatic Hydrolysis of Cellulose  68 
 
Figure 3-4:  Confocal laser scanning microscopy of α-cellulose after incubation with fluorescein 
isothiocyanate (FITC)-labeled cellobiohydrolase (CBH) I or endoglucanase (EG) I. (A) 
Fluorescence microscopy at 521 nm; (B) light microscopy. Rough particle surfaces and smooth 
particle surfaces are indicated with black arrows and white arrows, respectively; labeling: FITC 
Labeling Kit (Merck, Darmstadt, DE) according to the manufacturer’s protocol; incubation: 
10 g/L α-cellulose in 0.1 M sodium acetate buffer (pH 4.8), 1 g/L FITC-labeled CBH I or 1 g/L 
EG I, T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, incubation time 40 min; microscope: 
Opera system (PerkinElmer, Waltham, USA).  
3.1.3.3 Adsorption Isotherms of Cellulases 
After qualitatively verifying the adsorption of CBH I and EG I, the adsorption isotherms of 
these purified cellulases were determined by using α-cellulose. Preliminary adsorption 
kinetics showed that an incubation of 40 min was needed to reach equilibrium. As seen in 
Figure 3-5, isotherms of CBH I and EG I showed the adsorption to be a characteristic function 
of free cellulase concentration. After a sharp increase in adsorbed cellulase at low cellulase 
concentrations, a plateau was reached at higher concentrations (> 10 µmol/L). In addition, 
denatured CBH I and EG I, boiled for 10 min, showed no adsorption (data not shown). 
Therefore, cellulase adsorption was specific and required functional protein structures. 
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Figure 3-5:  Adsorption isotherms of the purified cellulases onto α-cellulose. () Cellobiohydrolase (CBH) 
I, () endoglucanase (EG) I. Predicted Langmuir isotherms, according to Eq. 2-1, are shown as 
solid lines, and corresponding parameters are listed in Table 3-2; incubation: 10 g/L α-cellulose 
in 0.1 M sodium acetate buffer (pH 4.8), T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, 
reaction time 40 min. 
 
In this investigation, the Langmuir isotherm (Eq. 2-1) provided a good fit (Figure 3-5, Table 
3-2). The dissociation constant KD, as a reciprocal value for adsorption affinity, was lower for 
CBH I than for EG I. Different values for KD have to be derived from differences in cellulose-
binding domains or catalytic domains. According to Linder et al. (1995), the cellulose-binding 
domains of CBH I and EG I show single amino acid substitutions leading to differences in 
binding affinity. In addition, catalytic domains of cellulases are known to specifically adsorb 
to cellulose-binding sites independently of cellulose-binding domains (Lynd et al., 2002). The 
maximum cellulase adsorption Amax was higher for EG I than for CBH I, indicating more 
accessible cellulose-binding sites for EG I, which was also observed by other researchers 
(Beldman et al., 1987; Nidetzky et al., 1994b). Besides the aforementioned differences in 
cellulase structure and binding affinity, these maximum adsorption differences could be 
explained by the lower molecular mass of EG I (Chapter 3.1.3.1) and, therefore, a better 
access to internal binding sites as described for other proteins and materials (Hunter and 
Carta, 2002; Oberholzer and Lenhoff, 1999). Nidetzky et al. (1994b) found similar values of 
KD and Amax by using filter paper as cellulosic substrate (CBH I: 0.71 µmol/L, 0.17 µmol/g; 
EG I: 1.79 µmol/L, 0.17 µmol/g). Filter paper shows similar CrI and DPw values as  
α-cellulose (Kongruang et al., 2004; Zhang and Lynd, 2004; Zhang et al., 2006) and is used 
for the measurement of total cellulase activity (Ghose, 1987; Wood and Bhat, 1988). 
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However, the filter paper assay requires considerable effort and is error-prone (Coward-Kelly 
et al., 2003; Decker et al., 2003). Furthermore, many adsorption studies were performed at 
low temperatures (2-5°C) to prevent cellulose hydrolysis and, thus, cellulase desorption (Lee 
et al., 1982; Lu et al., 2002; Medve et al., 1997; Nidetzky and Steiner, 1993; Reinikainen et 
al., 1995; Srisodsuk et al., 1993). In this study, a more practical temperature of 45°C was 
selected similar to those temperatures in cellulose hydrolysis. Here, no decrease in adsorbed 
cellulase was observed. 
 
Table 3-2:  Langmuir adsorption parameters of purified cellulases by using α-cellulose at n = 1000 rpm. 
Langmuir adsorption parametersa 
Cellulase Amax  
[µmol/g] 
KD  
[µmol/L] 
R²  
[-] 
CBH I 0.155 ± 0.003 0.433 ± 0.039 0.93 
EG I 0.212 ± 0.010 2.146 ± 0.216 0.90 
Errors are given as standard deviations. 
CBH, cellobiohydrolase; EG, endoglucanase; Amax, maximum cellulase adsorption; KD, dissociation constant; R2, 
coefficient of determination.  
a
 According to Eq. 2-1. 
3.1.3.4 Adsorption Kinetics of Cellulases 
According to Figure 3-6, the adsorption kinetics of CBH I and EG I on α-cellulose were 
determined. For both cellulases, the respective adsorption rose quickly until a final plateau 
was reached. The final amount of adsorbed cellulase did not change with further incubation. 
Seemingly, α-cellulose does not contain many micropores (Lee et al., 1983) that can only be 
penetrated slowly by cellulases (Kim et al., 1994a). As shown in Table 3-3, the simple 
pseudo-first-order kinetic model (Eq. 3-2) provided a good fit. Taking experimental errors 
into account, similar values for Amax were determined as in adsorption isotherm experiments 
(Table 3-2), and, thus, the complete saturation of α-cellulose was reached in kinetic studies. 
The kinetic constant kad was higher for CBH I than for EG I (Table 3-3), and saturation was 
reached after 25 min and 40 min, respectively (Figure 3-6). As with filter paper, similar 
incubation times were found for CBH I and EG I (Nidetzky et al., 1994b). In general, 
cellulase adsorption is rapid compared to the time required for complete hydrolysis (Lynd et 
al., 2002; Zhang and Lynd, 2004). Depending on the applied cellulose, the adsorption 
equilibrium is normally reached after 30-90 min (Boussaid and Saddler, 1999; Kim et al., 
1994b; 1994a; 1998; Kumar and Wyman, 2009b; Medve et al., 1998a; Singh et al., 1991). 
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Figure 3-6:  Adsorption kinetics of the purified cellulases onto α-cellulose. () Cellobiohydrolase (CBH) I, 
() endoglucanase (EG) I. Predicted adsorption kinetics, according to Eq. 3-2, are shown as 
solid lines, and corresponding parameters are listed in Table 3-3; incubation: 10 g/L α-cellulose 
in 0.1 M sodium acetate buffer (pH 4.8), 0.9 g/L cellulase, T = 45°C, VL = 1 mL, n = 1000 rpm, 
d0 = 3 mm. 
 
Table 3-3:  Kinetic adsorption parameters of purified cellulases by using α-cellulose at n = 1000 rpm. 
Kinetic adsorption parametersa 
Cellulase Amax  
[µmol/g] 
kad  
[1/s] 
R²  
[-] 
CBH I 0.170 ± 0.003 0.0031 ± 0.0002 0.98 
EG I 0.213 ± 0.007 0.0019 ± 0.0002 0.96 
Errors are given as standard deviations. 
CBH, cellobiohydrolase; EG, endoglucanase; Amax, maximum cellulase adsorption; kad, pseudo-first-order 
adsorption rate constant; R2, coefficient of determination.  
a
 According to Eq. 3-2. 
3.1.3.5 Sugar Production Patterns of Cellulases 
After cellulase adsorption studies, the hydrolytic activities of CBHs and EGs towards  
α-cellulose were investigated. At first, the sugar production patterns of all purified cellulases 
were determined by HPLC analysis. As shown by Figure 3-7A-B, CBH I and CBH II mainly 
produced cellobiose during α-cellulose hydrolysis. This result is in good agreement with the 
literature, since CBHs release cellobiose from the ends of cellulose chains (Chapter 1.4.2.1) 
(Kim et al., 1994b; Lynd et al., 2002; Medve et al., 1998a). By contrast, EG I and EG II 
produced cellotriose, cellobiose, and glucose in a mass ratio of approximately 1.0:3.3:2.2 
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(Figure 3-7C-D), which fits to typical production profiles of EGs (Kim et al., 1994b; Medve 
et al., 1998a). In conclusion, the hydrolytic activity of all purified cellulases could be verified. 
Since the sugar production profiles are consistent with the typical profiles reported in the 
literature (Kim et al., 1994b; Medve et al., 1998a), these results provide an additional 
evidence for the high purity of the isolated cellulases (Chapter 3.1.3.1).  
 
 
Figure 3-7:  Soluble sugars produced by enzymatic hydrolysis of α-cellulose. (A) Cellobiohydrolase 
(CBH) I; (B) CBH II; (C) endoglucanase (EG) I; (D) EG II. The concentrations of cellotriose 
(G3), cellobiose (G2), and glucose (G1) are shown above the respective symbols; incubation:  
10 g/L α-cellulose in 0.1 M sodium acetate buffer (pH 4.8), 0.1 g/L cellulase, T = 45°C, 
VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 60 min; high-performance liquid 
chromatography (HPLC) system: Dionex HPLC Ultimate 3000 (Dionex, Sunnyvale, USA). 
3.1.3.6 Kinetics of Cellulose Hydrolysis Catalyzed by Cellulases 
After analyzing the adsorption and sugar production patterns of purified cellulases, the 
enzymatic hydrolysis of α-cellulose was investigated in detail. Therefore, α-cellulose was 
hydrolyzed by different concentrations of CBH I and EG I, and the formation of reducing 
sugars was measured over time (Figure 3-8). At the start of all kinetic experiments, the 
reducing sugar concentration rose quickly and showed a linear increase. Depending on the 
applied cellulase concentration, this linear increase was detected from 0-2 h (0.1 g/L 
cellulase) or 0-1.5 h (0.25 g/L cellulase). When using the higher CBH I concentration of 
0.25 g/L, the initial hydrolysis rate did not proportionally increase. This can be explained by 
the adsorption isotherm of CBH I, indicating that the saturation of cellulose-binding sides 
already started at a CBH I to cellulose ratio of 0.25 gcellulase per 10 gcellulose (equivalent to 
0.41 µmolcellulase per 1 gcellulose; Chapter 3.1.3.3). After the rapid increase in reducing sugar 
concentration, the hydrolysis rates declined for both cellulases. In case of CBH I, final 
plateaus were reached after 10 h whereas, in case of EG I, a slight increase in reducing sugars 
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was still detected from 5-10 h. Moreover, EG I led to significantly higher hydrolysis rates and 
yields than CBH I. This can be explained by the fact that α-cellulose contains amorphous and 
crystalline regions (Table 3-1, CrI: 64%). Since EGs more rapidly hydrolyze amorphous 
regions than CBHs, EGs generally show higher hydrolysis rates towards partially amorphous 
substrates such as α-cellulose (Gama et al., 1998; Zhang and Lynd, 2004; Zhang et al., 2006).  
 
 
Figure 3-8:  Hydrolysis of α-cellulose by using purified cellulases. () 0.1 g/L cellobiohydrolase (CBH) I, 
() 0.1 g/L endoglucanase (EG) I, () 0.25 g/L CBH I, () 0.25 g/L EG I. For each hydrolysis 
experiment, the initial linear increase in reducing sugar concentration is shown as a dotted line; 
incubation: 10 g/L α-cellulose in 0.1 M sodium acetate buffer (pH 4.8), T = 45°C, VL = 1 mL,  
n = 1000 rpm, d0 = 3 mm. 
 
In general, the detected decline in cellulose hydrolysis rates (Figure 3-8) can be explained by 
the following four factors: cellulose depletion, cellulase inactivation, product inhibition, or 
alteration of the physical cellulose properties (Bansal et al., 2009; Bommarius et al., 2008; 
Zhang et al., 1999; Zhang and Lynd, 2004). According to Figure 3-8, only a small amount of 
10 g/L α-cellulose was hydrolyzed after 10 h. Therefore, the depletion of cellulose was 
minimal and not the main factor leading to the detected decline in cellulose hydrolysis rates. 
Since cellulases from T. reesei are stable under the applied incubation conditions (residual 
activity after six days: > 90%; Engel et al., 2010; Engel et al., 2011), the inactivation of 
cellulases can be neglected. As shown by HPLC analysis (Chapter 3.1.3.5), glucose and 
cellobiose were the main products after the enzymatic hydrolysis of α-cellulose by CBH I and 
EG I. Since cellulases are severely inhibited by these sugars (Holtzapple et al., 1990), product 
inhibition is one possible explanation for the detected decline in cellulose hydrolysis rates 
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(Figure 3-8). Moreover, the alteration of physical cellulose properties can lead to a rapid 
decline in hydrolysis rates (Bansal et al., 2009; Väljamäe et al., 1999; Zhang and Lynd, 2004). 
Although several researchers have analyzed cellulose during its hydrolysis, the decline in 
hydrolysis rates has not been clearly elucidated so far (Zhang and Lynd, 2004). For example, 
a decrease in cellulose accessibility (Fan et al., 1980) and in maximum cellulase adsorption  
(= adsorption capacity) was detected (Bansal et al., 2009; Bommarius et al., 2008; Ooshima et 
al., 1983). The unproductive adsorption of cellulases onto prehydrolyzed cellulose was also 
described to block further hydrolysis (Ooshima et al., 1990; Zhang and Lynd, 2004). 
Moreover, cellulose reactivity can decrease during enzymatic hydrolysis (Bansal et al., 2009; 
Zhang and Lynd, 2004). According to Carrard et al. (2000), the fresh addition of non-
hydrolyzed cellulose stimulated more soluble sugar formation, thereby indicating the loss of 
cellulose reactivity at the end of hydrolysis. Although various researchers have tried to 
analyze the decrease in cellulose reactivity (Carrard et al., 2000; Desai and Converse, 1997; 
Drissen et al., 2007; Hong et al., 2007; Yang et al., 2006; Zhang et al., 1999), there is no 
consensus regarding the incidence and reasons for declining cellulose reactivity (Bansal et al., 
2009; Lynd et al., 2002).  
3.1.3.7 Modeling of Cellulose Hydrolysis Catalyzed by Cellulases 
As described in Chapter 3.1.1, kinetic modeling is a powerful tool to understand and 
eventually improve the enzymatic hydrolysis of cellulose (Bansal et al., 2009; Zhang and 
Lynd, 2004). Up to now, a large number of models have been developed to predict the 
enzymatic cellulose hydrolysis (Bansal et al., 2009; Zhang and Lynd, 2004). According to 
Chapter 3.1.1, semi-mechanistic models are particularly useful, since only few information 
are sufficient to describe the applied reaction system (Bansal et al., 2009). 
 
In order to model the α-cellulose hydrolysis catalyzed by purified cellulases (Chapter 3.1.3.6, 
Figure 3-8), a semi-mechanistic model was developed within this chapter. The developed 
model is based on the Michaelis-Menten kinetics (Copeland, 2000) which often provide a 
good fit for the enzymatic hydrolysis of insoluble cellulose (Bansal et al., 2009; Zhang and 
Lynd, 2004): 
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where C denotes the cellulose concentration [g/L], kcat,app, the apparent turnover number [1/s] 
of the cellulases, Ead, the adsorbed cellulase concentration [mgprotein/L], and KM,app, the 
apparent Michaelis constant [g/L]. By incorporating the correction coefficient between 
molecular weights of glucose and glucan monomers (180/162), the increase in reducing sugar 
concentration P [g/L] can be calculated as follows: 
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To account for the detected decline in cellulose hydrolysis rates (Chapter 3.1.3.6, Figure 3-8), 
additional terms for the product inhibition of cellulases and the alteration of cellulose 
properties during hydrolysis (such as a decrease in cellulose accessibility and reactivity) were 
included. At first, the competitive inhibition by soluble reducing sugars was implemented. 
Since the structural information of cellulases and a large amount of experimental data indicate 
the competitive inhibition of single cellulases by cellobiose and glucose, competitive 
inhibition is the most common applied mechanism for modeling cellulase inhibition (Levine 
et al., 2010; Levine et al., 2011; Zhang and Lynd, 2004). According to various studies (Bansal 
et al., 2009; Kadam et al., 2004), the alteration of cellulose properties was addressed by using 
a linear decreasing hydrolysis rate with increasing cellulose conversion. By contrast, the sole 
Michaelis-Menten kinetics (Eq. 3-7) leads to a non-linear decreasing hydrolysis rate with 
increasing cellulose conversion. By combining the aforementioned linear term with the 
Michaelis-Menten kinetics, a disproportionately stronger decline in hydrolysis rates was 
achieved. Finally, Eq. 3-7 was changed as follows: 
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where Ki is the inhibition constant [g/L], and C0 is the initial cellulose concentration [g/L]. 
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To calculate the concentration of adsorbed cellulase Ead, a cellulase mass balance (Eq. 3-10) 
was included, with E0 denoting the initial cellulase concentration [g/L] and E denoting the 
free/unbound cellulase concentration in solution [g/L]. 
  
 
EEE 0ad −=   ( 3-10 ) 
 
Moreover, the cellulase adsorption kinetics was implemented as described in the Chapters 
3.1.2.6 and 3.1.3.4: 
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where kad is the pseudo-first-order adsorption rate constant for approaching equilibrium [1/s]. 
Here, it should be noted that Eq. 3-11 is not mechanistically sound. It assumes an adsorption 
rate which only depends on the free cellulase concentration. Consequently, Eq. 3-11 allows a 
complete adsorption of all cellulases. However, not all free cellulases can bind onto the 
cellulose due to limited cellulose-binding sites and an equilibrium condition between 
adsorbed and unbound cellulases. Therefore, a maximum permissible value for Ead was 
included by using the Langmuir equation according to the Chapters 3.1.2.6 and 3.1.3.3:  
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In Eq. 3-12, Ead,EQ denotes the adsorbed cellulase concentration at equilibrium [mgprotein/L], 
Amax, the maximum cellulase adsorption [mgprotein/gcellulose], and KD, the dissociation constant 
[mgprotein/L]. Within the final model, the total time period for approaching equilibrium 
(t → ∞) was set to be 40 min, according to Chapter 3.1.3.4.  
 
The experimental data and modeled hydrolysis curves are shown in Figure 3-9. The 
developed semi-mechanistic model provided a good fit for both CBH I and EG I at two 
different cellulase concentrations. The coefficients of determination for all modeled 
hydrolysis curves are listed in the legend of Figure 3-9. Only in the case of EG I at a 
concentration of 0.25 g/L, the applied model slightly underestimated the formation of 
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reducing sugars within the first 2 h. All applied model parameters are summarized in Table 
3-4. The parameters Amax, kad, and KD were experimentally determined within the previous 
Chapters 3.1.3.3 and 3.1.3.4, whereas the remaining parameters kcat,app, Ki, and KM,app had to 
be fitted to the hydrolysis data presented in Figure 3-9. 
 
 
Figure 3-9:  Semi-mechanistic model for the hydrolysis of α-cellulose by using purified cellulases.  
() 0.1 g/L cellobiohydrolase (CBH) I, () 0.1 g/L endoglucanase (EG) I, () 0.25 g/L CBH I, 
() 0.25 g/L EG I. Experimental data was obtained from Figure 3-8. Predicted hydrolysis 
kinetics, according to the model described in Chapter 3.1.3.7, are shown as solid lines, and 
corresponding parameters are listed in Table 3-4. The coefficients of determination are as 
follows: 0.1 g/L CBH I (R2 = 0.95), 0.1 g/L EG I (R2 = 0.97), 0.25 g/L CBH I (R2 = 0.96),  
0.25 g/L EG I (R2 = 0.91); incubation: 10 g/L α-cellulose in 0.1 M sodium acetate buffer  
(pH 4.8), T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm. 
 
The fitted Ki values of CBH I and EG I were 0.03 g/L and 0.08 g/L, respectively (Table 3-4). 
Consequently, CBH I was more inhibited by reducing sugars than EG I. Several studies 
analyzed the inhibitory effect of glucose, cellobiose, or reducing sugars (Holtzapple et al., 
1990; Zhang and Lynd, 2004). In the case of CBH I from Trichoderma spec., similar Ki values 
were also determined: 0.032 g/L (Levine et al., 2010), 0.036 g/L (Halliwell and Griffin, 
1973), 0.065 g/L (Levine et al., 2011), or 0.387 g/L (Maguire, 1977). In the case of EGs from 
T. reesei, a wide range of Ki values was reported by various authors: 0.003 g/L (Levine et al., 
2010), 0.01 g/L (Levine et al., 2011), or 3.762 g/L (Gruno et al., 2004). This difference  
in Ki values may be explained by the different physical properties of the applied cellulosic 
substrate which strongly influence the inhibition of cellulases (Gruno et al., 2004). As shown 
by Table 3-4, the fitted kcat,app and KM,app values of CBH I and EG I were as follows:  
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CBH I: 0.0035 1/s, 2.83 g/L; EG I: 0.0073 1/s, 1.41 g/L. Huang (1975) reported similar values 
for kcat,app (0.02 1/s) and KM,app (1.68 g/L) when analyzing the hydrolysis of completely 
amorphous cellulose catalyzed by a cellulase mixture. Since completely amorphous cellulose 
leads to higher hydrolysis rates (Hall et al., 2010) and a cellulase mixture shows a synergistic 
interaction between the individual cellulases (Engel et al., 2011; Nidetzky et al., 1994a), the 
kcat,app value determined by Huang (1975) was higher than those values for CBH I and EG I of 
the current study. However, the developed model precisely described the hydrolysis of  
α-cellulose catalyzed by single CBHs or EGs (Figure 3-9). 
 
Table 3-4:  Model parameters for the hydrolysis of α-cellulose by using purified cellulases. 
Cellulase Amax [mg/g]a 
kad 
[1/s] 
KD 
[mg/L]a 
kcat,app 
[1/s] 
Ki 
[g/L] 
KM,app 
[g/L] 
CBH I 10.370c 0.0031c  26.413b 0.0035 0.03 2.83 
EG I 11.715c 0.0019c  118.03b 0.0073 0.08 1.41 
Fitted model parameters are marked in grey. Other model parameters were experimentally determined. 
CBH, cellobiohydrolase; EG, endoglucanase; Amax, maximum cellulase adsorption; kad, pseudo-first-order 
adsorption rate constant; kcat,app, apparent turnover number; KD, dissociation constant; Ki, inhibition constant; 
KM,app, apparent Michaelis constant. 
a
 Molar amounts were converted into masses by using the molecular masses of CBH I (61 kDa) and EG I 
   (55 kDa) according to Chapter 3.1.3.1. 
b
 According to Figure 3-5 and Table 3-2. 
c
 According to Figure 3-6 and Table 3-3. 
 
In general, the sole Michaelis-Menten model is not mechanistically sound for the enzymatic 
hydrolysis of insoluble cellulose because of the following reasons (Bansal et al., 2009; Lynd 
et al., 2002; Zhang and Lynd, 2004): (1) cellulases need to adsorb onto the cellulose, and 
hydrolysis occurs on the surface of cellulose fibers; (2) cellulose is not uniform and exhibits 
variable physical properties that are altered during hydrolysis; (3) the Michaelis-Menten 
condition – substrate being in excess relative to enzyme – is not achieved at high 
cellulase/cellulose ratios, since the fraction of cellulose accessible to cellulases is relatively 
low; (4) the Michaelis-Menten condition may not be retained during hydrolysis since 
cellulose is depleted at higher conversions; (5) cellulose hydrolysis represents a 
heterogeneous reaction system including mass transfer limitations. Within this study, some of 
the aforementioned limitations were already addressed by implementing simple terms for 
cellulase adsorption (Eq. 3-10 to Eq. 3-12) and the alteration of physical cellulose properties 
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(Eq. 3-9). Moreover, specific hydrolysis conditions were selected in order to avoid additional 
limitations. For example, low cellulase/cellulose ratios and single cellulases were applied to 
minimize cellulose conversion and, thus, cellulose depletion. Moreover, an appropriate 
hydrodynamic condition was chosen so that the cellulose surface was accessible to the 
cellulases and mass transfer limitation could be excluded (a detailed discussion about 
hydrodynamic conditions and their effects is given in the later Chapter 3.1.3.9).  
 
In conclusion, the developed model was well suited to describe the hydrolysis of α-cellulose 
by purified cellulases, since the basic Michaelis-Menten model was extended by additional 
mathematical terms and specific hydrolysis conditions were chosen. By using this model, it 
could be clearly shown that the product inhibition of cellulases as well as the alteration of 
cellulose properties led to incomplete cellulose hydrolysis. However, in order to understand 
all aspects of cellulose hydrolysis, fully mechanistic models need to be established (Zhang 
and Lynd, 2004). Such models have to consider all phenomena during enzymatic hydrolysis 
and all physical properties of cellulose. Despite several advances in mechanistic modeling of 
the enzymatic cellulose hydrolysis (Levine et al., 2010; Levine et al., 2011), no fully 
mechanistic model has been developed which precisely predicts the kinetics of cellulose 
hydrolysis from low up to high conversions. 
3.1.3.8 Effect of pH and Temperature on Cellulases 
As shown in Chapter 3.1.3.6, reducing sugar concentrations were linearly increasing within 
the initial phase (0-2 h) of α-cellulose hydrolysis. Therefore, initial cellulase activities could 
be determined within 1 h when using 10 g/L α-cellulose and 0.1 g/L purified cellulase. To 
analyze the influence of pH and temperature on cellulase activity, initial activities of CBH I 
and EG I were determined at various incubation conditions. 
 
When analyzing the influence of pH on cellulase activity, the hydrolysis experiments were 
conducted at a constant temperature of 45°C and in 0.1 M phosphate buffer at different pH 
values. As shown by Figure 3-10A, the activity of CBH I and EG I was a characteristic 
function of pH, and a typical bell-shaped profile was detected. Here, the applied model 
describing the pH dependency of enzymes (Eq. 3-3) provided a good fit, and the 
corresponding parameters (pKa1, pKa2, and VpH,optimal) are listed in Table 3-5. The optimal 
activity of CBH I and EG I was achieved at pH values of 5.0 and 4.8, respectively. Several 
authors found similar optimal pH values ranging from 4.5 to 5 when using cellulases from 
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T. reesei (Becker et al., 2001; Boer and Koivula, 2003; Busto et al., 1996; Busto et al., 1998; 
Voutilainen et al., 2008). Moreover, Maguire (1977) determined almost identical pKa1 (3.8) 
and pKa2 values (6.5) when analyzing the hydrolysis of α-cellulose by CBH I. 
 
 
Figure 3-10:  Effects of pH and temperature on the activity of purified cellulases. (A) Effect of pH on the 
activity of cellobiohydrolase (CBH) I () and endoglucanase (EG) I (). Relative values are 
standardized to maximum activities (CBH I: 0.20 U/mg; EG I: 0.54 U/mg). Predicted cellulase 
activities, according to Eq. 3-3, are shown as dashed line (CBH I) and dotted line (EG I), and 
corresponding parameters are listed in Table 3-5; incubation: 10 g/L α-cellulose in 0.1 M 
sodium phosphate buffer, T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, 0.1 g/L cellulase, 
reaction time: 60 min; (B) Arrhenius plot of the activity of CBH I () and EG I (). Predicted 
activities, according to Eq. 3-5, are shown as dashed line (CBH I) and dotted line (EG I), and 
corresponding parameters are listed in Table 3-5; incubation: 10 g/L α-cellulose in 0.1 M 
sodium acetate buffer (pH 4.8), VL = 1 mL, n = 1000 rpm, d0 = 3 mm, 0.1 g/L cellulase, 
reaction time: 60 min.  
 
Table 3-5:  Parameters describing the effects of pH and temperature on the activity of purified cellulases. 
Parameters (pH model)a Parameters (Arrhenius model)b 
Cellulase VpH,optimal 
[g/(L·h)] 
pKa1 
[-] 
pKa2 
[-] 
R² 
[-] 
EA 
[kJ/mol] 
lnApre 
[-] 
R² 
[-] 
CBH I 0.20 ± 0.01 3.28 ± 0.16 6.88 ± 0.17 0.93 50.9 ± 4.2 16.8 ± 1.6 0.98 
EG I 0.54 ± 0.06 2.63 ± 0.29 6.91 ± 0.28 0.90 29.9 ± 3.6 10.3 ± 1.4 0.97 
Errors are given as standard deviations. 
CBH, cellobiohydrolase; EG, endoglucanase; Apre, pre-exponential factor; EA, activation energy; Ka, acid 
dissociation constant; R2, coefficient of determination; VpH,optimal, cellulase activity at optimal pH value.  
a
 According to Eq. 3-3. 
b
 According to Eq. 3-5. 
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When analyzing the influence of temperature on cellulase activity, the hydrolysis experiments 
were conducted at different temperatures and in 0.1 M sodium acetate buffer at a constant pH 
value of 4.8. Figure 3-10B shows that the activities of purified CBH I and EG I increased up 
to temperatures of 58°C and 56°C, respectively. In case of higher temperatures, cellulase 
activities decreased due to enzyme denaturation (Copeland, 2000; Voutilainen et al., 2008). In 
the literature (Busto et al., 1996; Busto et al., 1998; Voutilainen et al., 2008), similar optimal 
temperatures (55-60°C) were reported when analyzing the initial activities of T. reesei 
cellulases. In addition, the Arrhenius equation (Eq. 3-5) provided a very good fit (Figure 
3-10B), and activation energies could be determined (Table 3-5). When using α-cellulose as 
cellulosic substrate, the activation energies for CBH I and EG I were 50.9 kJ/mol and  
29.9 kJ/mol, respectively. In the literature (Busto et al., 1998; He et al., 2000; Hu et al., 2009; 
Li et al., 1965; Maguire, 1977), similar activation energies ranging from 22-52 kJ/mol were 
determined when using cellulases from Trichoderma spec. and various cellulosic substrates 
(including α-cellulose). However, the difference in activation energies between CBH I and 
EG I may be explained by their different modes of action (Chapter 1.4.2.1): (1) CBHs 
hydrolyze amorphous and crystalline regions of cellulose, and they release soluble cellobiose 
as the major product (Lynd et al., 2002) (Chapter 3.1.3.5); (2) EGs primarily hydrolyze 
amorphous regions and release soluble sugars (such as cellotriose, cellobiose, and glucose; 
Chapter 3.1.3.5) as well as longer insoluble cellulose chains (Lynd et al., 2002). Here, it 
should be noted that, besides the applied cellulases, the physical properties of cellulose 
(especially cellulose crystallinity/reactivity) also affect the activation energies of the 
enzymatic cellulose hydrolysis (Lynd et al., 2002; Rautela and King, 1968).  
3.1.3.9 Effect of Hydrodynamics on Cellulases 
As α-cellulose is an insoluble substrate, the hydrodynamics of the reaction system have to be 
taken into account. Therefore, the impact of shaking frequency and the resulting 
hydrodynamics on the adsorption as well as on the activity of the cellulases were investigated 
in detail for the first time.  
 
Adsorption kinetics of CBH I and EG I were determined for different shaking frequencies 
using simple pseudo-first-order kinetics (Figure 3-11A). This model provided a good fit at all 
shaking frequencies; in contrast to Nidetzky et al. (1994b), no biphasic adsorption kinetics 
with two different adsorption rates were observed. At all applied shaking frequencies and as 
seen in prior experiments (Tables 3-2 and 3-3), Amax (solid line) was higher for EG I, and kad 
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(dotted line) was higher for CBH I. Between 0 rpm and 300 rpm, Amax and kad were almost 
constant for both cellulases, whereas for both a sharp increase could be determined between 
300 rpm and 800 rpm. Above 800 rpm, only a slight increase in kad was observed. 
Consequently, enhanced mixing improved the contact between cellulase and substrate 
(Ingesson et al., 2001), and, therefore, the mass transfer and the kinetic constant kad increased. 
However, also the maximum cellulase adsorption Amax rose with enhanced mixing, which was 
not observed for CBH I and EG I using filter paper as a cellulosic substrate (Nidetzky et al., 
1994b). This increase in Amax may be explained by a better exposure of α-cellulose to the 
liquid and, therefore, a better cellulose surface accessibility for cellulase adsorption. 
 
As seen in Figure 3-11B, the activities of CBH I and EG I were also investigated at different 
shaking frequencies using α-cellulose as a substrate. For both cellulases, the same trend in 
activity was observed, whereby a sharp increase occurred between 400 rpm and 800 rpm as in 
the adsorption kinetic experiments (Figure 3-11A). Consequently, higher shaking frequencies 
clearly improved the adsorption of cellulases, thereby bolstering their respective activity, 
because adsorption is a prerequisite for cellulose hydrolysis (Lynd et al., 2002; Tanaka et al., 
1986; Zhang and Lynd, 2004). Thus, when short incubation times of cellulases are applied 
(for example, washing agent), catalyst optimization should also be focused on improving the 
cellulase binding properties. In other studies, the effect of agitation on cellulose hydrolysis 
was investigated without considering adsorption. These studies showed that enhanced 
agitation increases initial cellulose hydrolysis rates (Enayati and Parulekar, 1995; Ingesson et 
al., 2001; Tengborg et al., 2001). However, attention has to be paid to cellulase inactivation 
reducing the final yield of cellulose hydrolysis (Reese, 1980). This is especially important 
when using high solid concentrations (Mukataka et al., 1983) and shear force sensitive 
cellulases (Reese and Mandels, 1980). In this current study, however, low solid 
concentrations, short incubation times, and a shaken system were applied so that cellulase 
inactivation could be neglected. Moreover, upon using immobilized or displayed cellulases 
(Fujita et al., 2004; van Zyl et al., 2007; Yanase et al., 2010), lower shaking frequencies are 
beneficial to ensure sufficient surface contact between cellulase and solid substrate (Khaw et 
al., 2007). In comparison to the adsorption parameters, a disproportionate increase in cellulase 
activity was observed with enhanced agitation (Figure 3-11A-B). As CBHs and EGs are 
inhibited by soluble hydrolysis products, such as glucose and cellobiose (Gruno et al., 2004; 
Holtzapple et al., 1990; Kruus et al., 1995b), agitation may transport these inhibiting products 
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away from the cellulases, thus decreasing the local concentration of inhibiting products and 
improving the cellulase activity. 
 
In order to understand the influence of shaking frequency on the adsorption and activity of 
cellulases, the hydrodynamics inside the respective reaction tube were investigated in detail. 
Pictures of the liquid phase with immersed α-cellulose particles were taken at different 
shaking frequencies (Figure 3-11C). For n ≤ 200 rpm, the liquid surface remained horizontal, 
and no liquid mixing was observed. Once n ≥ 400 rpm, liquid mixing started (white arrow; 
Figure 3-11C). According to Hermann et al. (2003), a critical shaking frequency ncrit is 
necessary for liquid mixing and can be calculated according to Eq. 3-6. In this current 
investigation, ncrit was 260 rpm (black arrows; Figure 3-11A-B), which fitted well to the start 
of liquid mixing between 200 rpm and 400 rpm (white arrow; Figure 3-11C). The boundary 
layer at the cellulose-liquid interface is relatively thick without mixing (Andrade and Hlady, 
1986) and can decrease the rate of cellulase adsorption. However, mixing was increased by 
exceeding ncrit, thereby leading to a decrease in the width of the boundary layer at the 
cellulose-liquid interface. Since adsorption kinetics and cellulase activity did not significantly 
change between 0 rpm and 400 rpm, liquid mixing was not the rate limiting step.  
 
A sharp increase in adsorption parameters and cellulase activities was observed once the 
suspension of cellulose particles began (n = 600 rpm; Figure 3-11C). As soon as the particles 
were completely suspended (n = 800 rpm), their whole surface was exposed to the liquid, and 
all external cellulose-binding sites were accessible to the cellulases. Hence, an optimal 
particle-liquid mass transfer was achieved (Pangarkar et al., 2002), and the parameters Amax, 
kad as well as cellulase activities reached their maximum values. Complete suspension is 
defined as the point when no particles are deposited on the tank bottom for longer than one 
second (Zwietering, 1958). This criterion is designated as the just suspending speed or off 
bottom speed. A correlation for calculating the just suspending speed in shaking vessels was 
developed by Kato et al. (1995). However, it can not be applied to cellulose particles because 
of their fibrous structure and wide particle size distribution. Complete suspension is known to 
be required for high cellulase activity (Huang, 1975). However, this current study shows for 
the first time the effect of suspension on cellulase adsorption as well as the correlation 
between the adsorption and the activity of cellulases at different hydrodynamic conditions. 
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Figure 3-11:  Adsorption kinetics and activities of the purified cellulases onto α-cellulose at different 
hydrodynamic conditions. (A) Influence of shaking frequency on kinetic adsorption parameters 
(including standard deviations) – maximum cellulase adsorption (Amax; solid line) and pseudo-
first-order adsorption rate constant (kad; dotted line) – according to Eq. 3-2: () Amax of 
cellobiohydrolase (CBH) I, () Amax of endoglucanase (EG) I, () kad of CBH I, () kad of  
EG I. The critical shaking frequency (ncrit), calculated according to Eq. 3-6, is indicated with 
black arrows; (B) influence of shaking frequency on the activity of cellulases (dashed line):  
() CBH I, () EG I. Relative values (including standard deviations) are standardized to 
maximum activities (CBH I: 0.25 U/mg; EG I: 0.64 U/mg); (C) pictures of the liquid phase 
with immersed α-cellulose particles at different shaking frequencies. The white arrow indicates 
the start of liquid mixing. Images were obtained with a charged-coupled device camera 
installed on a shaking platform; incubation: 10 g/L α-cellulose in 0.1 M sodium acetate buffer 
(pH 4.8), T = 45°C, VL = 1 mL, n = 0-1000 rpm, d0 = 3 mm. 
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3.1.3.10 Cellulase Activity with α-Cellulose and Conventional Model Substrates  
After the adsorption and activity of purified cellulases were studied with α-cellulose at 
various hydrolysis conditions, the cellulase activities on different artificial model substrates 
and on α-cellulose were finally compared (Figure 3-12). EG I and EG II showed high specific 
activities towards CMC and low activities towards Avicel. Regarding CBH I and CBH II, the 
opposite was observed. Since Avicel and CMC are model substrates to differentiate CBHs 
and EGs, these results are in good agreement with the literature (Ghose, 1987; Kruus et al., 
1995a; Teeri, 1997; Zhang et al., 2006). However, when comparing CBHs and EGs, a 
common cellulosic substrate is necessary. In the case of Sigmacell, the activities of EGs were 
just six-times higher than the activities of CBHs. As Sigmacell is an insoluble and 
unsubstituted cellulose with low CrI, it can be hydrolyzed by CBHs and EGs (Lynd et al., 
2002). Sigmacell, however, is an artificial substrate processed from α-cellulose (Sjöström and 
Alén, 1999; Zhang et al., 2006) and does not mirror the actual biomass present in a 
biorefinery. By using insoluble α-cellulose, the activities were very similar, and the ratio 
between EGs and CBHs was approximately 2.7:1. α-Cellulose is normally used for total 
cellulase activity measurements (Decker et al., 2003; Zhang et al., 2006). As α-cellulose 
mimics the alkaline-pretreated biomass used in biorefineries, α-cellulose is suggested as an 
excellent substrate in early experiments to screen for apt cellulases to process practical 
cellulosic substrates. 
 
 
Figure 3-12:  Activities of the purified cellulases towards different cellulosic substrates. Incubation: 10 g/L 
cellulose in 0.1 M sodium acetate buffer (pH 4.8), 0.1 g/L cellulase, T = 45°C, VL = 1 mL,  
n = 1000 rpm, d0 = 3 mm, reaction time: 10 min (CMC), 120 min (Avicel), 30 min (Sigmacell), 
60 min (α-cellulose). 
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3.1.4 Conclusions 
In Chapter 3.1, insoluble α-cellulose was found to be an excellent practical substrate to 
characterize and screen for purified CBHs and EGs. First, a novel and reproducible 
purification method was established to prepare the major cellulases from T. reesei with high 
purity. Second, the adsorption isotherms and kinetics of the purified cellulases were analyzed 
for the first time by using α-cellulose as a cellulosic substrate. The calculated adsorption 
parameters (Amax, KD, kad) of the studied cellulases were comparable to those for filter paper as 
an established model substrate. Third, the hydrolytic activities of all purified cellulases were 
analyzed in detail. Thereby, the sugar production patterns of all purified cellulases were 
investigated – proving cellobiose as major product of CBHs, and cellotriose, cellobiose, and 
glucose as major products of EGs. Furthermore, when analyzing the kinetics of α-cellulose 
hydrolysis, the hydrolysis rates were constant at the start of the experiment (rapid and linear 
increase in reducing sugar concentration) but declined afterwards due to product inhibition or 
the alteration of physical cellulose properties (such as a decrease in cellulose accessibility and 
reactivity). Here, a simple semi-mechanistic model was developed to predict the kinetics of  
α-cellulose hydrolysis. Additionally, the effects of pH and temperature on cellulase activity 
were analyzed and modeled by applying a simple pH-activity model and the Arrhenius 
equation (optimal pH value: 4.8-5, optimal temperature: 55-60°C). Fourth, the effects of 
different hydrodynamic conditions (including liquid mixing and cellulose suspension) on the 
adsorption and activity of the purified cellulases were investigated. Thereby, this investigation 
shows in detail, for the first time, the effect of hydrodynamics on cellulase adsorption as well 
as the correlation between the adsorption and the activity of cellulases at different 
hydrodynamic conditions. Complete suspension of α-cellulose particles clearly enhanced the 
adsorption of cellulases thereby augmenting cellulase activity. Finally, by comparing 
conventional model substrates with α-cellulose, CBHs and EGs showed similar cellulase 
activities only on insoluble α-cellulose. 
 
Even though other researchers use conventional pure cellulosic substrates, these are not 
suitable for characterizing purified CBHs and EGs. Instead, α-cellulose is ideal when alkaline 
pretreatment is considered as a previous pretreatment step. In the future, screening 
experiments should be conducted with α-cellulose so that proper cellulases are selected to best 
hydrolyze the real alkaline-pretreated biomass used in biorefineries. In addition, α-cellulose 
can be used in automated screening platforms (Decker et al., 2003) as suspensions of  
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α-cellulose particles can be handled by pipetting. Since lignocellulose pretreatment in 
biorefineries significantly alters the structure of cellulose, cellulases should be also 
characterized with other practical cellulosic substrates that represent other pretreatment 
techniques (such as ammonia fiber explosion, ionic liquid process, organosolv process, and 
steam explosion) (Kumar and Wyman, 2009a; Zhang et al., 2007). 
 
Besides the application of practical cellulosic substrates such as α-cellulose, sophisticated 
cellulase assays are also essential when characterizing cellulases. Therefore, a new 
sophisticated cellulase assay is presented in Chapter 3.2.  
3.2 Online Monitoring of the Enzymatic Hydrolysis of 
Insoluble Cellulose by Using High-Throughput 
Scattered Light Detection 
3.2.1 Introduction 
Since the cellulose hydrolysis catalyzed by cellulases is a rate-limiting and expensive 
processing step in biorefineries (Galbe et al., 2007; Zhang et al., 2006), the development of 
improved cellulases is especially important. During the last years, novel cellulases have been 
discovered, and known cellulases have been engineered through directed evolution and 
rational design approaches leading to an increasing number of improved cellulases (Fukumura 
et al., 1997; Kruus et al., 1995a; Liang et al., 2010; Liang et al., 2011; Morozova et al., 2010; 
Zhang et al., 2006). In order to screen these cellulase variants, methods for assaying cellulase 
activities are, in particular, relevant (Decker et al., 2009; Zhang et al., 2006). 
 
Many cellulase assays are based on the hydrolysis of water-soluble substrates (Zhang et al., 
2006). As shown in the Chapters 1.4.2.4 and 3.1, however, such hydrolysis data are not 
pertinent to the realistic hydrolysis of insoluble substrates (Zhang et al., 2006), because 
enzymatic hydrolysis proceeds on the surface of insoluble substrates and involves, beside the 
catalytic domain, also the cellulose-binding domain of cellulases (Lynd et al., 2002; Pristavka 
et al., 2000; Rabinovich et al., 1982; Yuldashev et al., 1993). Consequently, the use of 
insoluble cellulosic substrates would be an advantage in screening experiments so that the 
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most appropriate cellulases are selected for the hydrolysis of real insoluble lignocellulose 
(Chapter 3.1). 
  
When insoluble cellulose with a high degree of polymerization is used, the majority of 
cellulase assays involves the detection of reducing sugars or total sugars (Zhang et al., 2006). 
The dinitrosalicylic acid assay is one of the most common reducing sugar assays and is often 
applied when analyzing the activity of cellobiohydrolases, endoglucanases, β-glucosidases, or 
cellulase mixtures (Zhang et al., 2006). However, the reducing sugar assays (such as  
Mandels-Weber filter paper assay; Mandels et al., 1976) are error-prone, and the respective 
high-throughput systems require considerable effort (Decker et al., 2003; Navarro et al., 
2010). In addition, they do not allow the online measurement of cellulase activities, since the 
detection of reducing sugars often requires harsh conditions, as in the case of the 
dinitrosalicylic acid assay. 
 
When using insoluble substrates, enzyme activities can be generally detected offline or online 
by measuring the degradation of substrate particles that lead to a clearing of the turbid particle 
suspension (Maurer and Gabler, 2004). The resulting decrease in turbidity can be quantified 
using spectrophotometry. The decrease in absorbance correlates to the applied enzyme 
concentration, which was verified by analyzing the soluble products of the respective enzyme 
reaction (Chen and Penner, 2007; Wang and Broda, 1992). Alternatively, the degradation of 
substrate particles can be measured using nephelometry. In this case, the decrease in the 
scattered light intensity of a particle suspension is measured during the enzymatic reaction 
(Enari and Nikupaavola, 1988). Nummi et al. (1981) detected cellulase activities using 
spectrophotometric and nephelometric methods. Both optical methods are sensitive, 
convenient, and non-invasive (Latimer, 1982), and they can be applied for online analysis. Up 
to now, however, they have not been implemented in high-throughput techniques for assaying 
cellulase activity. 
 
In Chapter 3.2, the first cellulase assay combining high-throughput, online analysis, and 
insoluble cellulosic substrates is presented in detail. This assay is based on the BioLector 
technique, which allows the online monitoring of scattered light intensities in a continuously 
shaken microtiter plate (Kensy et al., 2009; Samorski et al., 2005). In preliminary studies, it 
was shown that the BioLector technique can be applied in general for measuring the 
enzymatic degradation of insoluble substrates (Huber et al., 2011). However, this chapter 
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focuses on proving the applicability of the BioLector technique for assaying, in particular, 
cellulase adsorption and activity. As described in Chapter 2, the cellulase-related protein 
swollenin leads to the non-hydrolytic deagglomeration of cellulose particles (Chapters 2.3.3 
and 2.3.4.1). Therefore, the BioLector is additionally applied to analyze the non-hydrolytic 
effect of swollenin. 
3.2.2 Materials and Methods 
3.2.2.1 Cellulosic Substrates 
The cellulosic substrates α-cellulose, Avicel PH101, and Sigmacell 101 were used. The 
physical properties (solubility; purity; crystallinity index, CrI; weight-average degree of 
polymerization, DPw, geometric mean particle size, dP) and product information are presented 
in Table 3-1 (Chapter 3.1.2.1).  
3.2.2.2 Cellulase Preparation 
The commercial cellulase preparation Celluclast® 1.5L (Novozymes, Bagsværd, DK) was 
used for the hydrolysis of the cellulosic substrates. The detailed enzyme composition of 
Celluclast® and additional information are given in Chapter 2.2.2. To remove salts, sugars, 
and other interfering components, Celluclast® was previously rebuffered by using column 
chromatography (as described in Chapter 2.2.2) and 0.1 M sodium acetate buffer (pH 4.8) as a 
running buffer. Specific filter paper activities (per g protein) of the off-the-shelf Celluclast® 
and the applied rebuffered Celluclast® were measured according to Ghose (1987): 182 U/g for 
off-the-shelf Celluclast®, 244 U/g for rebuffered Celluclast®. 
3.2.2.3 Hydrolysis and Adsorption Experiments in the BioLector 
Hydrolysis experiments were performed with varying concentrations of cellulosic substrate 
and cellulase depending on the experimental objective. The experiments were conducted in a 
continuously shaken microtiter plate under the following constant conditions: temperature 
T = 37°C, total filling volume VL = 200 µL, shaking diameter d0 = 3 mm, shaking frequency 
n = 900 rpm. Higher temperatures could not be applied, since the maximum incubation 
temperature of the utilized BioLector device was 37°C. The shaking frequency was chosen to 
ensure the complete suspension of cellulose particles (Kato et al., 2001) (Chapter 3.1.3.9). 
Therefore, mass transfer limitations were excluded, and the whole cellulose particle surface 
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was accessible to the cellulases, thereby optimizing cellulase adsorption and activity (Chapter 
3.1.3.9). According to Engel et al. (2010), the rebuffered Celluclast® is stable under the 
applied incubation conditions, so the inactivation of cellulases could be neglected. The final 
mixtures were incubated as triplicates in black 96-well microtiter plates with transparent 
bottoms (µClear, Greiner Bio-One, Frickenhausen, DE). To avoid evaporation, the microtiter 
plates were sealed with adhesive foil (Cat. AB-0580, Abgene, Epsom, UK). Depending on the 
particular experimental objective, the experiments were conducted in 0.1 M sodium acetate 
buffer (pH 4.8) or in 0.1 M phosphate buffer at different pH values, adjusted with HCl and 
NaOH. Blanks (either without cellulase, without substrate and cellulase, or without substrate) 
were incubated similarly. 
 
To analyze the non-hydrolytic effect of cellulases and swollenin on cellulose during scattered 
light measurements, 2.5 g/L α-cellulose was incubated with SDS, BSA, active cellulases, 
inhibited cellulases, or swollenin (each at 0.25 g/L) in 0.1 M sodium acetate buffer (pH 4.8). 
To inhibit cellulases, disodium hexachloropalladate (Na2PdCl6) was added to the mixture at a 
final concentration of 200 µM (Lassig et al., 1995). In addition, incubations with cellulases 
were performed at extreme pH values (1.70, 9.04, or 11.08) using 0.1 M phosphate buffer. All 
incubations were conducted in the BioLector under the aforementioned conditions. 
 
Hydrolysis and adsorption experiments were performed using a commercial BioLector  
(m2p-labs GmbH, Aachen, DE) (Kensy et al., 2009), detecting the scattered light intensity in 
each of the 96 wells at 620 nm. The BioLector technique allows the online monitoring of 
scattered light and fluorescence intensities in a continuously shaken microtiter plate. Figure 
3-13A shows a scheme of the applied BioLector technique. According to Samorski et al. 
(2005), the BioLector typically consists of an orbital shaker, an x-y positioning device with an 
attached optical fiber, a fluorescence spectrometer, and a computer. As shown in Figure 
3-13B, the optical fiber is fixed at a tilting angle of approximately 30° to avoid the 
interference by light directly reflected from the well bottom. One measurement of the entire 
96-well microtiter plate was adjusted to a time period ranging from 180 s to 400 s. 
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Figure 3-13:  Scattered light detection using the BioLector technique. (A) Scheme of the technical equipment 
of the BioLector; (B) magnification of one well of the microtiter plate during scattered light 
measurement. The optical fiber is fixed at a tilting angle of approximately 30° to avoid the 
interference by light directly reflected from the well bottom. 
3.2.2.4 Light Microscopy and Laser Diffraction 
Light microscopy and laser diffraction (Bowen, 2002) were applied to visualize the hydrolysis 
of cellulosic substrates by cellulases. Therefore, hydrolysis experiments were conducted in 
the BioLector under the aforementioned conditions (Chapter 3.2.2.3). After defined time 
intervals, microscopic pictures were taken with an Eclipse E600 (Nikon, Tokyo, JP). 
Additionally, the cellulose particle size distributions were measured by laser diffraction 
(Bowen, 2002), and the geometric mean particle sizes dP were calculated as described in 
Chapter 2.2.13. 
3.2.2.5 Dinitrosalicylic Acid Assay 
The dinitrosalicylic acid assay (Miller, 1959) was applied to determine the amount of 
reducing sugars released during cellulose hydrolysis and to validate cellulase activities 
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determined by using the BioLector-based cellulase assay (see later Chapter 3.2.2.7). 
Hydrolysis experiments were conducted by using the BioLector under the aforementioned 
conditions (Chapter 3.2.2.3). After defined time intervals, samples were taken, and the 
hydrolysis was stopped by boiling for 10 min. Finally, the samples were analyzed by applying 
the dinitrosalicylic acid assay as described in Chapter 2.2.16. 
3.2.2.6 Calibration of Scattered Light Intensities 
To calibrate scattered light intensities, suspensions with varying concentrations of untreated 
and prehydrolyzed cellulose (0-15 g/L in 0.1 M sodium acetate buffer, pH 4.8) were analyzed 
in the BioLector under the aforementioned conditions. To prepare prehydrolyzed cellulose, 
2.5 g/L cellulosic substrate was previously incubated with varying concentrations of cellulase 
(2.5 g/L, 10 g/L, and 25 g/L) in 0.1 M sodium acetate buffer (pH 4.8). The mixtures were 
incubated in 1000-mL flasks with VL = 250 mL on an orbital shaking platform at 37°C, 
n = 300 rpm, and d0 = 50 mm. After incubation for 5 h or 10 h, the reaction was terminated by 
boiling for 10 min. To remove adsorbed cellulases, the mixtures were centrifuged (14 000 × g, 
10 min), and the cellulose pellet was washed four times with 100 mL 0.05 M citrate buffer 
(pH 10) and once with 100 mL distilled water (Zhu et al., 2009). Finally, the washed cellulose 
was used for calibration. In addition, particle size distributions of untreated and prehydrolyzed 
cellulose were measured by laser diffraction as described in Chapter 2.2.13. 
3.2.2.7 Determination of Cellulase Activity and Modeling 
To calculate cellulase activities, an automatic software was programmed using the Java 
platform. First, the mean scattered light intensity of the cellulose blank was calculated. To 
exclude systematic errors resulting from variations in lamp intensity, the differences between 
the raw data of the cellulose blank and the mean value of the cellulose blank were calculated 
and subtracted from each scattered light curve. Second, the maximum of each curve was 
identified. Third, the initial reaction rate was determined as the linear decrease in scattered 
light intensity over time (see later Figure 3-15A). Therefore, a linear regression was applied to 
each curve, and the range of values with the highest coefficient of determination was 
determined (see later Figure 3-15A). As a boundary condition, the range of values had to start 
from the maximum of the scattered light curve and had to range over at least 2 h. Fourth, the 
calculated initial reaction rates (arbitrary units/h or a.u./h) were translated into cellulase 
activities [g/(L·h)] by using the slopes of the aforementioned calibration curves (Chapter 
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3.2.2.6). The resulting standard deviations of the calculated cellulase activities were on 
average below 4.5%. 
 
Kinetic parameters were determined using the Michaelis-Menten model (Copeland, 2000) 
where KM,app denotes the apparent Michaelis constant [g/L] and Vmax,app, the apparent 
maximum cellulase activity [g/(L·h)]. Parameters describing the effect of the pH value on 
cellulase activity were determined using the Eq. 3-3 (Chapter 3.1.2.10). 
3.2.2.8 Computational Methods 
All parameters were calculated by nonlinear, least squares regression analysis using 
MATLAB version R2008b (The MathWorks, Natick, USA). 
3.2.3 Results and Discussion 
3.2.3.1 Principle of the Cellulase Assay 
In this study, an innovative method based on the BioLector technique was applied to assay, in 
particular, cellulase adsorption and activity. The BioLector allows the online monitoring of 
scattered light intensities in a continuously shaken microtiter plate (Kensy et al., 2009; 
Samorski et al., 2005). In contrast to spectrophotometers, it does not require the interruption 
of shaking, thereby avoiding, in particular, particle sedimentation and mass transfer 
limitations (Chapter 3.1.3.9) (Ingesson et al., 2001; Kato et al., 2001). To illustrate the basic 
principle of this method, the cellulosic substrate α-cellulose (Table 3-1) was hydrolyzed by 
using a complex cellulase preparation. Light microscopy and particle size measurements by 
using laser diffraction (Bowen, 2002) were applied to visualize the hydrolysis of the cellulosic 
substrate. As seen in Figure 3-14A (0 h), the initial α-cellulose suspension consisted of 
insoluble particles of different size and shape. During cellulose hydrolysis, the particles were 
degraded, and a decrease in particle size was observed (Figure 3-14A). According to Figure 
3-14B, the initial cellulose suspension showed a broad and inhomogeneous particle size 
distribution with a geometric mean particle size dP of 69 µm. After 24 h and 48 h, the particle 
size distribution shifted to lower values, and large cellulose particles were predominantly 
hydrolyzed to smaller particles. 
 
Enzymatic Hydrolysis of Cellulose  94 
 
Figure 3-14:  Degradation of cellulose particles by cellulases. (A) Light microscopic pictures of α-cellulose 
during hydrolysis (0 h, 24 h, and 48 h); (B) particle size distribution of α-cellulose during 
hydrolysis (0 h, 24 h, and 48 h); incubation: BioLector, 2.5 g/L α-cellulose in 0.1 M sodium 
acetate buffer (pH 4.8), 0.25 g/L rebuffered Celluclast®, T = 37°C, VL = 200 µL, n = 900 rpm, 
d0 = 3 mm, 96-well plate; microscope: Eclipse E600 (Nikon, Tokyo, JP); particle size analyzer: 
LS13320 (Beckman Coulter, Brea, USA). 
 
Figure 3-15A summarizes the course of the geometric mean particle size dP over time for the 
aforementioned experiment. Here, the geometric mean particle size (black circles) fell rapidly 
from 69 µm to 55 µm after the addition of cellulases and, then, gradually decreased to 16 µm 
after an incubation of 48 h. In addition, Figure 3-15A shows the typical course of scattered 
light intensity during cellulose hydrolysis in the BioLector. The initial cellulose suspension 
was turbid and led to a high scattered light intensity (dotted line). After the cellulase was 
added to this cellulose suspension at the start of the experiment, an initial increase in the 
scattered light intensity was observed. This may be explained by a non-hydrolytic 
deagglomeration of cellulose particles due to the interaction with the cellulose-binding 
domain of the cellulases (Arantes and Saddler, 2010; Din et al., 1991). After this initial 
increase, a reduction in scattered light intensity was observed as a result of the 
aforementioned hydrolytic degradation of cellulose particles. In this case, the respective 
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scattered light intensity showed an extended period of linearity (dashed line). At the end of 
the reaction, the scattered light intensity tended towards a constant value. 
 
To compare this prospective method with an established cellulase assay, a dinitrosalicylic 
acid assay was conducted in parallel to the scattered light measurements (Figure 3-15B). The 
dinitrosalicylic acid assay is one of the most common reducing sugar assays and often applied 
when analyzing the activity of cellulases (Zhang et al., 2006). As shown by the comparison of 
Figure 3-15A and B, the decrease in scattered light intensity and the accumulation of reducing 
sugars proceeded simultaneously. Therefore, the gradual reduction in mean particle size 
(Figure 3-15A) was mostly based on the hydrolytic degradation of insoluble cellulosic 
particles and not on their non-hydrolytic deagglomeration. Moreover, it is striking that the 
period of linearity in the accumulation of reducing sugars (Figure 3-15B, dashed line) was the 
same as in the scattered light measurements (Figure 3-15A, dashed line), thereby validating 
the new prospective cellulase assay based on the BioLector technique. Here, the initial 
reaction rates, obtained from calibrated scattered light intensities (see later Chapter 3.2.3.4) 
and from the accumulation of reducing sugars, were close to each other: 0.06 g/(L·h) for the 
BioLector technique, 0.05 g/(L·h) for the dinitrosalicylic acid assay. Consequently, the linear 
decrease in scattered light intensity could be used to determine the initial reaction rate (Chen 
and Penner, 2007; Wang and Broda, 1992) and, finally, the activity of cellulases during the 
hydrolysis of insoluble cellulosic substrates. In comparison to the hydrolysis kinetics of 
purified cellulases at 45°C (Chapter 3.1.3.6, Figure 3-8), a longer period of linearity was 
detected (Figure 3-15B). This can be explained as follows: (1) a cellulase mixture containing 
β-glucosidase was used, thereby reducing the product inhibition of cellulases by cellobiose 
and delaying the decline in hydrolysis rates; (2) the activity of the cellulase mixture was 
relatively low, since a lower temperature of 37°C was applied. This lower temperature is 
attributed to the fact that the utilized BioLector device could not maintain incubation 
temperatures above 37°C. For future studies, the BioLector device should be modified in 
order to allow higher incubation temperatures which are closer to the temperature optimum of 
cellulases. 
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Figure 3-15:  Principle of the prospective cellulase assay. (A) Course of scattered light intensity and mean 
particle size during the hydrolysis of α-cellulose. The linear decrease in scattered light intensity 
is shown as a dashed line. Mean particle sizes were measured for the incubation of α-cellulose 
with cellulase; (B) production of reducing sugars during the hydrolysis of α-cellulose. The 
linear increase in reducing sugar concentration is shown as a dashed line. Errors are given as 
standard deviations; incubation: BioLector, 2.5 g/L α-cellulose in 0.1 M sodium acetate buffer 
(pH 4.8), 0.25 g/L rebuffered Celluclast®, T = 37°C, VL = 200 µL, n = 900 rpm, d0 = 3 mm,  
96-well plate; particle size analyzer: LS13320 (Beckman Coulter, Brea, USA). 
3.2.3.2 Non-hydrolytic Effect of Cellulases during Scattered Light 
Measurements 
To understand the non-hydrolytic effect of cellulases on cellulose during scattered light 
measurements, α-cellulose was incubated with active cellulases, inhibited cellulases, SDS, or 
BSA. As seen in Figure 3-16A, the typical course of scattered light intensity was observed 
during the incubation of α-cellulose and active cellulases. An initial increase in scattered light 
intensity within 2.5 h was followed by a linear decrease. In contrast, the incubations with the 
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detergent SDS or the protein BSA showed no increase in scattered light intensity. 
Consequently, the initial increase resulted from a specific effect of cellulases which can be 
attributed to the adsorption of cellulases onto the substrate. It is known that cellulase 
adsorption leads to a non-hydrolytic deagglomeration of cellulose particles (Arantes and 
Saddler, 2010; Din et al., 1991). Therefore, an increased scattered light intensity of the 
cellulose suspension might be addressed to this non-hydrolytic effect. Furthermore, cellulase 
adsorption is rapid compared to the time required for complete hydrolysis (Lynd et al., 2002). 
Depending on the applied cellulose and incubation conditions, the adsorption equilibrium is 
usually reached within 90 min (Chapter 3.1.3.4) (Lynd et al., 2002). Therefore, the observed 
increase in scattered light intensity is consistent with the time periods required for cellulase 
adsorption. 
 
As seen in Figure 3-16B, the incubations with inactive cellulases were also investigated by 
using the BioLector technique. After adding the cellulase inhibitor Na2PdCl6 to the mixture, 
only an increase and no decrease in scattered light intensity were observed. These results with 
inactive cellulases confirmed the assumption that the initial increase in scattered light 
intensity is based on a non-hydrolytic effect of cellulases. Since palladium complexes inhibit 
the catalytic domain of T. reesei cellulases without affecting the cellulose-binding domain 
(Lassig et al., 1995), the cellulases retained their ability for adsorption onto the α-cellulose 
without it being degraded. Therefore, the initial increase in scattered light intensity can be 
attributed to the effect of cellulose-binding domains (Lynd et al., 2002; Pristavka et al., 2000; 
Rabinovich et al., 1982; Yuldashev et al., 1993). In addition, cellulases led to no increase in 
scattered light intensity when incubated at extreme pH values (1.7 or > 9) (Figure 3-16B). 
This is an additional evidence for the relationship between the initial increase in scattered 
light intensity and cellulase adsorption, since the affinity of cellulose-binding domains for 
cellulose is dramatically decreased at extreme pH values (Rabinovich et al., 1982; 
Rabinovich, 1988; Reinikainen et al., 1995). Consequently, conditions preventing the 
adsorption of cellulose-binding domains onto cellulose abolished the corresponding increase 
in scattered light intensity (Figure 3-16B). 
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Figure 3-16:  Non-hydrolytic effect of cellulases on α-cellulose during scattered light measurements. (A) 
Incubation of α-cellulose with cellulase, SDS, or BSA; (B) incubation of α-cellulose with 
inhibited cellulase and at extreme pH values; incubation: BioLector, 2.5 g/L α-cellulose in  
0.1 M sodium acetate buffer (pH 4.8) or in 0.1 M phosphate buffer (pH 1.70, 9.04, or 11.08), 
0.25 g/L rebuffered Celluclast® / 0.25 g/L rebuffered Celluclast® + 200 µM inhibitor  
Na2PdCl6 / 0.25 g/L SDS / 0.25 g/L BSA, T = 37°C, VL = 200 µL, n = 900 rpm, d0 = 3 mm,  
96-well plate. 
3.2.3.3 Non-hydrolytic Effect of Swollenin during Scattered Light 
Measurements 
As described in Chapter 2, the protein swollenin lacks a catalytic domain but consists of a 
cellulose-binding domain and an expansin-homologous domain. Like cellulases (Chapters 
3.2.3.1 and 3.2.3.2), swollenin also led to the non-hydrolytic deagglomeration of cellulosic 
substrates (Chapters 2.3.3 and 2.3.4.1). To validate the non-hydrolytic effect of swollenin, it 
was also analyzed by applying the BioLector technique. As seen in Figure 3-17, the 
incubation of swollenin with α-cellulose led to an increase in scattered light intensity. In 
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contrast, the incubation with the protein BSA showed no increase in scattered light intensity – 
thereby proving a specific effect of swollenin. Since swollenin exhibits no catalytic domain 
(Saloheimo et al., 2002), this increase in scattered light intensity can be attributed to the 
adsorption of swollenin onto cellulose (Chapter 2.3.2) and the non-hydrolytic 
deagglomeration (Chapter 2.3.3). As described in Chapter 2.3.4.1, the incubation with 
swollenin led to a decrease in the geometric mean particle size of cellulose. Since cellulose 
was not hydrolyzed by swollenin and the total amount of cellulose remained constant 
(Chapter 2.3.3), this decrease in particle size was accompanied by an increase in particle 
number. Consequently, the cellulose suspension became more turbid, and an increase in 
scattered light intensity could be detected (Figure 3-17).  
 
In comparison to the incubation of α-cellulose with inactive cellulases (Figure 3-16B), the 
incubation with swollenin (Figure 3-17) showed a similar course in scattered light intensity. 
However, the time period for a constant scattered light signal was different: 1.5 h for the 
incubation with inactive cellulases (Figure 3-16B) and 4-5 h for the incubation with swollenin 
(Figure 3-17). Since the time periods to reach adsorption equilibrium are very similar for 
cellulases (< 1.5 h; Lynd et al., 2002) (Chapter 3.1.3.4) and swollenin (≤ 2 h, Chapter 2.3.2), 
this difference may be explained by additional phenomena taking place after swollenin 
adsorption. Here, it should be noted that the total increase in scattered light intensity was 
higher for the incubation with swollenin (Figure 3-17) than for the incubation with inactive 
cellulases (Figure 3-16B). This difference indicates that swollenin may show an additional 
action on the cellulose surface. Since cellulases as well as swollenin contain a cellulose-
binding domain, this difference can be attributed to the expansin-homologous domain of 
swollenin. Saloheimo et al. (2002) already hypothesized that the expansin-homologous 
domain may be important for the action of swollenin and primarily lead to the non-hydrolytic 
deagglomeration of cellulosic substrates. To finally understand the effect of cellulases and 
swollenin on cellulosic substrates, additional experiments with single domains (cellulose-
binding domain, catalytic domain, and expansin-homologous domain) and fusion proteins of 
these domains need to be performed. These experiments may elucidate to what extend the 
single domains contribute to the induced deagglomeration of cellulosic substrates. 
Nevertheless, the BioLector technique is the first assay for non-hydrolytic proteins (such as 
swollenin) that simultaneously combines high-throughput and online analysis.  
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Figure 3-17:  Non-hydrolytic effect of swollenin on α-cellulose during scattered light measurements; 
incubation: BioLector, 2.5 g/L α-cellulose in 0.1 M sodium acetate buffer (pH 4.8), 0.25 g/L 
BSA or 0.25 g/L swollenin, T = 37°C, VL = 200 µL, n = 900 rpm, d0 = 3 mm, 96-well plate. 
3.2.3.4 Calibration of Scattered Light Intensities 
To calibrate scattered light intensities, suspensions of untreated and prehydrolyzed cellulose 
(Avicel PH101, α-cellulose, Sigmacell 101) were measured via the BioLector (Figure 3-18). 
For all cellulosic substrates, the scattered light intensity was a linear function of cellulose 
concentration up to 15 g/L (Figure 3-18A-C). In addition, the calibration curves of untreated 
and prehydrolyzed cellulose were almost identical when considering the same cellulose type. 
However, when Avicel and α-cellulose were prehydrolyzed by applying high cellulase 
concentrations and long incubation times (25 g/L, 10 h), the slope of the respective calibration 
curves increased (Figure 3-18A-B). As seen in Figure 3-18D-E, the shape of the particle size 
distributions of Avicel and α-cellulose changed significantly during prehydrolysis  
(25 g/L, 10 h), and particle sizes shifted to lower values. In comparison to untreated or less 
prehydrolyzed cellulose, these smaller particles led to a cellulose suspension with higher 
scattered light intensity and, therefore, changes in the respective calibration curves (Figure 
3-18A-B). Nevertheless, as initial reaction rates were investigated within this study, and 
screening experiments are normally conducted with lower cellulase concentrations, these 
changes in calibration curves could be neglected. In the case of Sigmacell 101, all calibration 
curves were almost identical (Figure 3-18C), and the particle size distributions did not change 
significantly during prehydrolysis (Figure 3-18F). This may be explained by the small initial 
particle size and the low CrI of Sigmacell 101 (Table 3-1) and, therefore, by a direct 
hydrolytic degradation of Sigmacell 101 with almost no formation of smaller particles. 
Enzymatic Hydrolysis of Cellulose  101 
 
Figure 3-18:  Calibration of scattered light intensity with untreated and prehydrolyzed cellulosic substrates. 
(A, B, C) Calibration curves using the BioLector device: (A) Avicel PH101, (B) α-cellulose, 
(C) Sigmacell 101. Errors are given as standard deviations. Predicted linear calibration curves 
are shown as solid and dotted lines; (D, E, F) particle size distributions of untreated and 
prehydrolyzed (25 g/L Celluclast® for 10 h) cellulose: (D) Avicel PH101, (E) α-cellulose, (F) 
Sigmacell 101; prehydrolysis: 2.5 g/L cellulosic substrate in 0.1 M sodium acetate buffer  
(pH 4.8) was prehydrolyzed with 2.5 g/L / 10 g/L / 25 g/L rebuffered Celluclast® for 5 or 10 h; 
calibration: BioLector, 0-15 g/L cellulose in 0.1 M sodium acetate buffer (pH 4.8), T = 37°C, 
VL = 200 µL, n = 900 rpm, d0 = 3 mm, 96-well plate; particle size analyzer: LS13320 
(Beckman Coulter, Brea, USA). 
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3.2.3.5 Determination of Kinetic Parameters 
The basic enzyme characterization is achieved by determining initial enzyme activities. Since 
the calibration curves of untreated cellulose were valid during the initial phase of hydrolysis, 
they could be used to translate initial reaction rates (arbitrary units/h) into initial cellulase 
activities [g/(L·h)]. To investigate the effect of cellulose concentration on the initial cellulase 
activity, varying concentrations of different cellulosic substrates (0-15 g/L) were incubated 
with a fixed cellulase concentration. Figure 3-19A shows exemplarily the results for the 
hydrolysis of Sigmacell 101. By using the new cellulase assay presented within this study, a 
large amount of information for different incubation conditions can be obtained. As seen in 
Figure 3-19A, all curves showed the typical course of scattered light intensity over time as in 
the aforementioned experiments (Figure 3-15A): (1) initial increase in scattered light 
intensity, (2) subsequent linear decrease in scattered light intensity, and (3) tendency towards 
a constant scattered light intensity at the end of cellulose hydrolysis. As shown in Figure 
3-19A, the absolute slope of the linearly decreasing scattered light intensities and, therefore, 
the cellulase activity rose with increasing cellulose concentration. 
 
As seen in Figure 3-19B, the cellulase activity was a characteristic function of cellulose 
concentration. For all cellulosic substrates, the Michaelis-Menten model (Copeland, 2000) 
provided a good fit, and the apparent kinetic parameters KM,app and Vmax,app could be 
determined (Table 3-6). As described in Chapter 3.1.3.7, the Michaelis-Menten model is not 
mechanistically sound for the enzymatic cellulose hydrolysis because of some concerns such 
as mass transfer limitations, low cellulose accessibility, or cellulose depletion. In this study, 
however, the complete suspension of cellulose particles was ensured so that mass transfer 
limitations could be excluded and the whole cellulose surface was accessible to the cellulases 
(Chapter 3.1.3.9). Moreover, the depletion of cellulose was minimal due to the following 
reasons: (1) the applied cellulases exhibited relatively low activities at 37°C; (2) initial 
hydrolysis rates were determined; (3) high cellulose/cellulase ratios were applied (Figure 
3-19). Consequently, the limitations of the Michaelis-Menten model were addressed within 
this study by applying appropriate hydrolysis conditions. 
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Figure 3-19:  Influence of cellulose concentration on the cellulase activity. (A) Scattered light intensity 
during the hydrolysis of varying Sigmacell 101 concentrations; (B) Michaelis-Menten-Plot 
using different cellulosic substrates (Sigmacell 101, α-cellulose, Avicel PH101). Predicted 
cellulase activities, according to the Michaelis-Menten model (Copeland, 2000), are shown as 
dashed lines, and corresponding parameters are listed in Table 3-6; incubation: BioLector, 
0-15 g/L cellulose in 0.1 M sodium acetate buffer (pH 4.8), 0.25 g/L rebuffered Celluclast®,  
T = 37°C, VL = 200 µL, n = 900 rpm, d0 = 3 mm, 96-well plate. 
 
Although the apparent kinetic parameters KM,app and Vmax,app are not mechanistically sound for 
enzymatic reactions on suspended substrates, these parameters allow the rapid 
characterization and comparison of different cellulases or substrates under given suspension 
conditions. According to Table 3-6, the apparent Michaelis constant KM,app, as a reciprocal 
indicator for the adsorption and affinity of cellulase onto the substrate, was lower for 
Sigmacell 101 than for α-cellulose and Avicel. In addition, the apparent maximum cellulase 
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activity Vmax,app was higher for Sigmacell 101 than for α-cellulose and Avicel. The different 
values for KM,app and Vmax,app derive from differences in the physical properties of the applied 
cellulosic substrates (Table 3-6). According to Hall et al. (2010), the CrI is a key predictor of 
cellulose hydrolysis, and initial cellulase activities decrease with increasing CrI. Since KM,app 
values increased and Vmax,app values decreased with increasing CrI (Table 3-6), these results 
are in good agreement with the literature (Hall et al., 2010). 
 
Table 3-6:  Physical properties of applied cellulosic substrates and determined Michaelis-Menten 
parameters of rebuffered Celluclast® using different cellulosic substrates; incubation: 
BioLector, 0.1 M sodium acetate buffer (pH 4.8), 0.25 g/L Celluclast®, T = 37°C, VL = 200 µL, 
n = 900 rpm, d0 = 3 mm, 96-well plate). 
Cellulose CrI [%] 
dP 
[µm] 
KM,app 
[g/L] 
Vmax,app 
[g/(L·h)] 
α-Cellulose 64a 68.77a 6.30 ± 1.41 0.338 ± 0.032 
Avicel PH101 82a 43.82a 6.53 ± 1.70 0.190 ± 0.021 
Sigmacell 101 Amorphousa 15.86a 5.22 ± 1.59 0.596 ± 0.071 
Errors are given as standard deviations. 
CrI, crystallinity index; dP, geometric mean particle size; KM,app, apparent Michaelis constant; Vmax,app, apparent 
maximum cellulase activity.  
a
 According to Table 3-1. Physical properties (crystallinity index and geometric mean particle size) are repeated 
xto allow a direct comparison of these properties with the determined Michaelis-Menten parameters. 
 
To investigate the effect of cellulase concentration on the course of cellulose hydrolysis, a 
defined amount of cellulose was hydrolyzed using varying concentrations of cellulase  
(0-25 g/L). Figure 3-20A shows that the curves differed depending on the applied cellulase 
concentration. The absolute slope of the linearly decreasing scattered light intensities rose 
with increasing cellulase concentration. In addition, the period of linearity was shortened by 
using higher cellulase concentrations. Consequently, the aforementioned differences in the 
calibration curves of weakly and strongly prehydrolyzed cellulose could be neglected (Figure 
3-18A-B), because only short incubation times were necessary to determine the initial activity 
of highly concentrated cellulase mixtures.  
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As seen in Figure 3-20B, a linear dependency of the cellulase activity on the cellulase 
concentration was observed up to a concentration of 1 g/L (dotted, dashed, and dash-dotted 
lines), which corresponds to a cellulase/cellulose mass ratio of 1/2.5. Since the new cellulase 
assay is applicable to cellulosic substrate concentrations of up to 15 g/L (Figure 3-18A-C), 
this linear dependency of the cellulase activity might be extended up to a cellulase 
concentration of 6 g/L by just using higher substrate concentrations. However, at higher 
cellulase concentrations (> 15 g/L, Figure 3-20B), a saturation was reached, indicating either 
diffusion limitations or limited surface area of the substrate. Here, the maximum cellulase 
activities (> 15 g/L cellulase) increased with decreasing particle size dP of the applied 
cellulosic substrates (Table 3-6). Since a smaller particle size and, therefore, a larger external 
surface area accessible to the cellulases increase cellulase activity, these results concur well 
with the literature (Dasari and Berson, 2007; Gama et al., 1994; Huang et al., 2010). 
Moreover, the differences in maximum cellulase activity could be explained by the different 
porosities of the applied cellulosic substrates (Gama et al., 1994; Huang et al., 2010). 
However, at low cellulase concentrations, the cellulase activity showed a different correlation, 
and the curves of α-cellulose and Avicel intersected (arrow; Figure 3-20B). In this case, the 
cellulase activity increased with decreasing crystallinity index CrI of the applied cellulosic 
substrate, which was already shown in the prior experiment (Figure 3-19B). Thus, when low 
cellulase concentrations are applied, the crystallinity index is one of the main factors 
influencing cellulose hydrolysis rates (Hall et al., 2010). However, in the case of high 
cellulase concentrations, the mean particle size is one of the key predictors for cellulose 
hydrolysis.  
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Figure 3-20:  Influence of cellulase concentration on the cellulase activity. (A) Scattered light intensity 
during the hydrolysis of Sigmacell 101 by using varying cellulase concentrations; (B) influence 
of cellulase concentration on the cellulase activity using different cellulosic substrates 
(Sigmacell 101, α-cellulose, Avicel PH101; Table 3-6). Estimated cellulase activities, as a 
linear function of cellulase concentration, are shown as dotted (Sigmacell 101), dashed  
(α-cellulose), and dash-dotted (Avicel PH101) lines. The white arrow indicates the intersection 
of the curves for α-cellulose and Avicel PH101; incubation: BioLector, 2.5 g/L cellulose in  
0.1 M sodium acetate buffer (pH 4.8), 0-25 g/L rebuffered Celluclast®, T = 37°C, VL = 200 µL, 
n = 900 rpm, d0 = 3 mm, 96-well plate. 
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3.2.3.6 pH-Dependency of Cellulase Activity 
To analyze the effect of pH on the course of cellulose hydrolysis, α-cellulose was hydrolyzed 
under identical conditions, except that the pH of the mixtures was varied (Figure 3-21).  
 
 
Figure 3-21:  Influence of pH on the cellulase activity. (A) Scattered light intensity during the hydrolysis of 
α-cellulose at different pH; (B) influence of pH on the cellulase activity using α-cellulose as 
cellulosic substrate. Open symbols () indicate no changes in scattered light intensity (Figure 
3-16B), and, therefore, no cellulase activities were observed. Predicted cellulase activities, 
according to Eq. 3-3, are shown as a dashed line (R2 = 0.96), and corresponding parameters  
(± standard deviations) are: VpH,optimal = 0.154 ± 0.009 g/(L·h), pKa1 = 3.351 ± 0.131, 
pKa2 = 6.06 ± 0.146; incubation: BioLector, 2.5 g/L α-cellulose in 0.1 M phosphate buffer,  
0.25 g/L Celluclast®, T = 37°C, VL = 200 µL, n = 900 rpm, d0 = 3 mm, 96-well plate. 
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Figure 3-21A shows, exemplarily, the results at three different pH values. Here, the slope of 
the linearly decreasing scattered light intensity varied depending on the applied pH. As shown 
in the prior adsorption experiments (Figure 3-16B), no significant changes in scattered light 
intensity were observed when using very low or high pH values (open symbols, Figure 
3-21B). As seen in Figure 3-21B, the cellulase activity was a characteristic function of pH, 
and a typical bell-shaped profile was detected. The applied model describing the pH 
dependency of enzymes (Eq. 3-3) (Copeland, 2000) provided a good fit, and the 
corresponding parameters (pKa1, pKa2, and VpH,optimal) are listed in the legend of Figure 3-21. 
The optimal cellulase activity was achieved at a pH of approximately 4.7. When analyzing the 
effect of pH on purified cellulases by using the conventional dinitrosalicylic acid assay 
(Chapter 3.1.3.8), almost identical optimal pH values (Figure 3-10A) and model parameters 
were determined (Table 3-5). Moreover, various authors (Becker et al., 2001; Boer and 
Koivula, 2003; Busto et al., 1996; Busto et al., 1998) found similar optimal pH values ranging 
from 4.5 to 5 when using cellulases from T. reesei. These similar results additionally proof the 
applicability of the BioLector technique for screening and characterizing cellulases.  
3.2.4 Conclusions 
Chapter 3.2 demonstrates an innovative method for assaying cellulase adsorption and activity. 
This assay is based on the BioLector technique, which allows the online monitoring of 
scattered light intensities in a continuously shaken microtiter plate. By monitoring cellulose 
hydrolysis in the BioLector, a typical course of scattered light intensity was detected, which 
could be clearly verified using a conventional reducing sugar assay. It was shown that this 
innovative cellulase assay can be easily applied for assaying cellulase activities. In addition, 
this study shows for the first time that high-throughput scattered light measurements can be 
used for monitoring the non-hydrolytic effect of cellulases or non-hydrolytic proteins (such as 
swollenin) on insoluble cellulose. 
 
Even though a large number of cellulase assays exist at the moment, they are not ideal for 
analyzing cellulases, because they are slow, tedious, or based on soluble cellulosic substrates 
that do not reflect real insoluble biomass in biorefineries. The presented BioLector technique 
is an ideal alternative for measuring cellulase adsorption and activity, because it links high-
throughput, online analysis, and realistic insoluble cellulosic substrates in one simple system. 
Using a 96-well microtiter plate, the BioLector technique allows the complete 
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characterization of cellulases within one experiment, thereby, analyzing the influence of pH 
value, cellulose, and cellulase concentration. Finally, the presented technique can 
substantially accelerate screening experiments with novel cellulases or optimized cellulase 
mixtures while using a variety of insoluble cellulosic substrates and incubation conditions. 
 
In the future, screening experiments should be conducted with the presented BioLector 
technique so that most appropriate cellulases and incubation parameters can be selected for 
the hydrolysis of real insoluble biomass used in biorefineries. Moreover, it yields a large 
amount of measurements that are needed for mathematical models and respective parameters 
correlating characteristics of both insoluble cellulose and cellulases. Due to this large amount 
of measurements, the BioLector technique also allows a very accurate determination of 
kinetic parameters; in contrast to conventional offline assays yielding only a small amount  
of data points. Nevertheless, further investigations are needed to gain a better understanding 
of the mechanism of cellulose hydrolysis and to establish kinetic models. It should be noted 
that, up to now, initial reaction rates were determined using the BioLector technique. 
However, once detailed kinetic models are established, progress curve analysis should be 
performed (Zavrel et al., 2008), analyzing cellulase kinetics and enzyme inactivation from one 
BioLector curve. Moreover, the actual BioLector device should be modified in order to allow 
incubation temperatures which are above 37°C and closer to the temperature optimum of 
cellulases. In addition, purified cellobiohydrolases, purified endoglucanases, and mixtures of 
cellulases and swollenin should be investigated using this prospective method. 
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4 Simultaneous Saccharification and Fermentation 
for Itaconic Acid Production  
4.1 Introduction 
In case of the biocatalytic conversion of lignocellulose (Figures 1-4 and 1-9), the hydrolysis is 
followed by the fermentation of the released sugars to platform chemicals or fuels. In 2004, 
the U.S. Department of Energy published a study about the top twelve value-added platform 
chemicals from biomass (Table 1-1) (Werpy and Petersen, 2004). One of these twelve 
candidates is itaconic acid (methylene butanedioic acid) – a white crystalline unsaturated 
dicarboxylic acid (Willke and Vorlop, 2001). It is applied as an additional monomer in 
styrene-butadiene heteropolymers (synthetic rubber) which can be used in detergents and 
emulsion paints as well as in the fiber, pharmaceutical, and herbicide industries (Bressler and 
Braun, 2000; Werpy and Petersen, 2004). Furthermore, itaconic acid can be transformed to 
the potential biofuel 3-methyltetrahydrofuran (3-MTHF) (Geilen et al., 2010; Marquardt et 
al., 2010). Various fungi, such as Aspergillus terreus (Lockwood and Reeves, 1945) and 
Ustilago maydis (Guevarra and Tabuchi, 1990; Haskins et al., 1955), produce itaconic acid. In 
case of A. terreus, it has been shown that itaconic acid is derived from the tricarboxylic acid 
cycle via cis-aconitate (Bonnarme et al., 1995). This reaction is catalyzed by cis-aconitate 
decarboxylase (Bonnarme et al., 1995; Kanamasa et al., 2008).  
 
Cellulosic biomass can be biocatalytically converted to platform chemicals via different 
process configurations (Chapter 1.4.4). Such configuration is the so-called separate hydrolysis 
and fermentation (SHF). Thereby, cellulose is enzymatically hydrolyzed to glucose, and the 
produced glucose is subsequently fermented to the desired product in a second reaction 
vessel. The main disadvantages of such SHF processes are as follows: (1) the applied 
cellulases are inhibited by a high glucose concentration at the end of the hydrolysis 
(Holtzapple et al., 1990); (2) SHF processes require high investment costs due to two separate 
reaction vessels for hydrolysis and fermentation (Wyman, 1994). In contrast, simultaneous 
saccharification and fermentation (SSF) processes integrate cellulose hydrolysis and 
fermentation in one single reaction vessel (Chapter 1.4.4). This remarkably reduces the 
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investment costs (Wyman, 1994). Moreover, the glucose produced during the hydrolysis is 
directly consumed by the microorganisms, thereby preventing the product inhibition of the 
cellulases (Wyman, 1994). Up to now, SSF processes have been applied to convert cellulosic 
biomass to the following chemicals: ethanol (Olofsson et al., 2008), lactic acid (Abe and 
Takagi, 1991; Romani et al., 2008; Wee et al., 2006; Yáñez et al., 2003), acetic acid (Borden 
et al., 2000), citric acid (Asenjo and Jew, 1983), and succinic acid (Chen et al., 2011). As yet, 
no SSF process for itaconic acid production has been established. 
 
For producing itaconic acid via SSF, it is necessary to find suitable process conditions  
(e.g. temperature, pH) for both the applied cellulases (hydrolysis) and microorganisms 
(fermentation). The microorganism typically applied to produce itaconic acid is A. terreus, a 
filamentous fungus. It produces itaconic acid only at pH values between 1.8 and 3.5 
(Riscaldati et al., 2000; Rychtera and Wase, 1981). In this highly acidic pH range, however, 
the conventional and industrially applied cellulase mixtures from Trichoderma reesei show 
very low stabilities and are almost inactive (Nagieb et al., 1985). For example, Celluclast® 
demonstrates a pH optimum of about 4.7 and is active in a pH range of 2.5 to 7 (Chapter 
3.2.3.6). In contrast to A. terreus, the smut fungus U. maydis mainly produces itaconic acid in 
a less acidic pH range of approximately 5 to 6 (Guevarra and Tabuchi, 1990) which is closer 
to the pH optimum of cellulases from T. reesei. In addition, U. maydis grows as single cells 
(yeast-like) in liquid cultures and is less sensitive to shear stress than A. terreus mycelia. 
Consequently, U. maydis may be generally a more promising candidate for itaconic acid 
production via SSF processes.  
 
Chapter 4 proposes a SSF process for itaconic acid production. In just one step, the cellulosic 
substrate α-cellulose should be hydrolyzed by cellulases, and the resulting glucose should be 
simultaneously converted to itaconic acid by a not yet optimized U. maydis wild type strain. 
The separate hydrolysis of α-cellulose is investigated under SSF conditions and compared 
with the conventional hydrolysis using SHF conditions. A potential inhibitory effect of the 
final SSF product (itaconic acid) on the cellulases is also investigated. Finally, a SSF process 
with α-cellulose as sole carbon source is analyzed in detail and compared with a batch 
cultivation using glucose as sole carbon source.  
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4.2 Materials and Methods 
4.2.1 Cellulosic Substrates 
The cellulosic substrates α-cellulose and Whatman filter paper No.1 were purchased from 
Sigma-Aldrich (St. Louis, USA). The physical properties of filter paper were summarized by 
Zhang and Lynd (2004). Physical properties (solubility; purity; crystallinity index, CrI; 
weight-average degree of polymerization, DPw; geometric mean particle size, dP) and product 
information of α-cellulose are given in Chapter 3.1.2.1. Here, it should be noted that  
α-cellulose is impure and can contain up to 22% (w/w) xylan (Table 3-1).  
4.2.2 Cellulase Preparation 
The commercial cellulase mixture Celluclast® 1.5L (Novozymes, Bagsværd, DK) was applied 
for hydrolysis and SSF experiments. Celluclast® contains a complete cellulase system which 
consists of cellobiohydrolases, endoglucanases, and β-glucosidases (Chapter 2.2.2). To 
remove salts, sugars, and other interfering components, Celluclast® was previously rebuffered 
by using column chromatography (as described in Chapter 2.2.2). To determine specific filter 
paper activities, different dilutions of Celluclast® and the rebuffered Celluclast® were tested 
according to Ghose (1987). The following specific filter paper activities (per g protein) were 
measured: 210 U/g (Celluclast®) and 261 U/g (rebuffered Celluclast®). 
4.2.3 Microorganisms 
The smut fungus Ustilago maydis MB215 (Hewald et al., 2005) was used as the itaconic acid-
producing microorganism. This wild type strain was kindly provided by Michael Bölker, 
Philipps-Universität (Marburg, DE). The strain is available at the German Collection of 
Microorganisms and Cell Cultures (DSMZ) under accession number DSM17144 [MB215]. 
Cryocultures were maintained in 20% (v/v) glycerol at -80°C in Tabuchi medium. Figure 4-1 
shows a light microscopic picture of U. maydis MB215 in Tabuchi medium.  
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Figure 4-1:  Light microscopic picture of Ustilago maydis MB215 in Tabuchi medium. Lipid droplets 
(inside cells) and CaCO3 particles are indicated with black arrows and white arrows, 
respectively; microscope: Eclipse E600 (Nikon, Tokyo, JP). 
4.2.4 Media and Solutions 
Tabuchi medium was used for U. maydis cultivations (Guevarra and Tabuchi, 1990). The 
medium consists of 0.5 g/L KH2PO4, 0.2 g/L MgSO4·7H2O, 1 g/L yeast extract (dry chemical 
for bacteriology; Roth, Karlsruhe, DE), and 10 mg/L FeSO4·7H2O. For precultures, 120 g/L 
glucose, 1.6 g/L NH4Cl, and 33 g/L CaCO3 (lime) were added to the medium. For main 
cultures, 0.267 g/L NH4Cl and 20 g/L CaCO3 were added. The glucose batch culture 
contained 60 g/L glucose, whereas for the SSF 60 g/L α-cellulose was used as sole carbon 
source. The FeSO4 solution and the CaCO3 buffer were sterilized separately and added after 
autoclaving. An initial pH value of 6.1 was adjusted. 
 
The media composition of the glucose batch and the SSF cultivation was preliminarily 
optimized using the first step of a factorial “Design of Experiments” approach. For these 
experiments, four parameters (glucose, ammonium, α-cellulose, and calcium carbonate 
concentrations) were varied (results not shown). The “Design of Experiments” was performed 
with the program Design-Expert V8 by Stat-Ease (Minneapolis, USA). With the results from 
the “Design of Experiments”, the aforementioned media compositions for the glucose batch 
and the SSF process were finally chosen. 
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4.2.5 Hydrolysis Experiments under SSF Conditions 
Hydrolysis experiments with 60 g/L α-cellulose and 6 g/L rebuffered Celluclast® were 
conducted in four different buffers: (1) 0.1 M sodium acetate buffer, pH 4.8 (reference);  
(2) Tabuchi medium without CaCO3, pH 4.8; (3) Tabuchi medium without CaCO3, pH 6.1;  
(4) Tabuchi medium with 20 g/L CaCO3, pH 6.1. The hydrolysis experiments were incubated 
as triplicates in 250 mL Erlenmeyer flasks under the following constant conditions: 
temperature T = 30 °C, total filling volume VL = 20 mL, shaking diameter d0 = 50 mm, 
shaking frequency n = 300 rpm. The shaking frequency was chosen to ensure sufficient 
oxygen supply in the cultivation experiments as well as the complete suspension of cellulose 
particles (Kato et al., 2001) (Chapter 3.1.3.9). Thus, mass transfer limitations were excluded, 
and the whole cellulose particle surface became accessible to the cellulases, thereby 
optimizing cellulase adsorption and activity (Chapter 3.1.3.9). Three different blanks were 
incubated similarly: (1) without cellulase, (2) without substrate, or (3) without substrate and 
without cellulase. After defined time intervals, samples were taken and centrifuged (825 × g, 
3 min, 4°C). The resulting supernatants were heated (10 min, 100°C) to inactivate cellulases, 
and the supernatants were subsequently analyzed for reducing sugar concentration with the 
dinitrosalicylic acid assay (Chapter 4.2.7.1) and for glucose concentration with HPLC 
(Chapter 4.2.7.3). Initial cellulase activities during hydrolysis experiments were calculated by 
applying a linear fit to reducing sugar concentration data from 0-2 h.  
4.2.6 Cultivation (Glucose-Batch, SSF) 
In order to monitor the oxygen transfer rates (OTR) during cultivation experiments, a 
respiration activity monitoring system (RAMOS) was used. The applied RAMOS device was 
fabricated in-house and described by various studies (Anderlei and Büchs, 2001; Anderlei et 
al., 2004). A commercial version of this device is available from HiTec Zang GmbH 
(Herzogenrath, DE) or Kühner AG (Birsfelden, CH). Precultures were inoculated from cryo-
cultures. Main cultures were inoculated with 200 µL from a 24 h-old preculture. All 
cultivations were performed in 250 mL RAMOS shake flasks under the following constant 
conditions: temperature T = 30 °C, total filling volume VL = 20 mL, shaking diameter  
d0 = 50 mm, shaking frequency n = 300 rpm. 
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4.2.7 Analytical Methods 
To obtain offline data of the cultivation experiments, additional Erlenmeyer flasks were used 
for sampling. The investigated U. maydis strain was cultivated in parallel in these flasks under 
the same conditions as the cultivations (batch, SSF) in the RAMOS device (Chapter 4.2.6). 
Each flask was only applied for one sampling step. One part of the flask was directly used for 
measuring ammonium, pH, non-hydrolyzed cellulose, and residual cellulase activity. The 
second part was centrifuged (825 × g, 3 min, 4°C), and the resulting supernatant was 
subsequently inactivated (10 min, 100°C) and used for the dinitrosalicylic acid assay and 
HPLC-analysis. Evaporation effects during the cultivation were considered in the 
determination and calculation of the offline measured concentration values. 
4.2.7.1 Dinitrosalicylic Acid Assay during Hydrolysis and SSF Experiments 
The dinitrosalicylic acid assay (Miller, 1959) was applied to quantify the reducing sugars 
released during hydrolysis and SSF experiments. Here, the dinitrosalicylic acid assay was 
performed as described in Chapter 2.2.16. Preliminary experiments showed that the assay was 
not influenced by itaconic acid concentrations of ≤ 70 g/L (= concentration within the 
analyzed sample). 
4.2.7.2 Determination of Non-Hydrolyzed Cellulose 
To quantify the amount of non-hydrolyzed cellulose during SSF experiments, cultivation 
broth was directly inactivated (10 min, 100°C) and applied as substrate solution in a 
subsequent hydrolysis step. To achieve a complete saccharification of non-hydrolyzed 
cellulose, this subsequent hydrolysis was conducted with 0.75 mL of the inactivated 
cultivation broth and an excess of fresh rebuffered Celluclast® (30 g/L) in 0.1 M sodium 
acetate buffer (pH 4.8). The mixtures were incubated in 2 mL Eppendorf tubes on a 
thermomixer MHR23 (HLC Biotech, Bovenden, DE) for 96 h under the following constant 
conditions: temperature T = 45 °C, total filling volume VL = 1.5 mL, shaking diameter 
d0 = 3 mm, shaking frequency n = 1000 rpm. Three different blanks were incubated similarly: 
(1) without cellulase, (2) without substrate, or (3) without substrate and without cellulase. 
Finally, the amount of glucose was determined via HPLC-analysis (Chapter 4.2.7.3) – dilution 
effects were accounted for – and the amount of non-hydrolyzed cellulose was calculated using 
the following equation: 
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180
162
⋅= glucosePC   ( 4-1 ) 
 
with C denoting the residual concentration of cellulose [g/L] during SSF, Pglucose denoting the 
glucose concentration [g/L] resulting from complete saccharification of cellulose sampled 
from SSF, and 162/180 denoting the correction coefficient between molecular weights of 
glucan monomers and glucose. Since no cellobiose and cellotriose were detected, complete 
saccharification of the cellulose was verified. 
4.2.7.3 HPLC-Analysis of Soluble Sugars and Itaconic Acid 
Glucose, cellobiose, xylose, and itaconic acid concentrations were measured via HPLC-
analysis. The detailed procedure is described in Chapter 3.1.2.9.  
4.2.7.4 Measurement of Ammonium Concentration 
To measure ammonium concentrations in the culture broth, an ammonium cell test (Merck 
KGaA, Darmstadt, DE) was applied. The extinction at 690 nm was measured with a 
Spectroquant Nova 60 spectrophotometer (Merck KGaA, Darmstadt, DE). 
4.2.7.5 Measurement of pH 
The pH values were measured with a CyberScan pH 510 (Eutech, Nijkerk, NL) and with a 
Titroline alpha device (Schott Instruments, Mainz, DE). 
4.2.7.6 Determination of Residual Cellulase Activity 
Samples of SSF cultivations were centrifuged (825 × g, 3 min, 4°C), and the resulting 
supernatants were analyzed with respect to residual cellulase activities. To determine filter 
paper activities [FPU/mL], different dilutions of the supernatants were tested according to 
Ghose (1987). Moreover, cellulase activities on α-cellulose [U/mL] were tested according  
to Chapter 3.1.2.7.  
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4.3 Results and Discussion 
4.3.1 Separate Enzymatic Hydrolysis of α-Cellulose under SSF 
Conditions 
To investigate the separate cellulose hydrolysis under the SSF conditions needed for 
U. maydis, kinetic experiments were performed under varying conditions (pH and media 
composition). Figure 4-2 depicts the reducing sugars formed during the hydrolysis of  
α-cellulose by rebuffered Celluclast® at 30°C. Based on Figure 4-2, initial cellulase activities 
were calculated (Table 4-1) by applying a linear fit to reducing sugar concentration data from 
0 h to 2 h. The reference experiment with optimal pH and media conditions for the cellulases 
– 0.1 M sodium acetate buffer (pH 4.8), according to the manufacturers protocol of 
Celluclast® – was compared to hydrolysis experiments in three different cultivation media:  
(1) Tabuchi medium without CaCO3 at pH 4.8, (2) Tabuchi medium without CaCO3 at  
pH 6.1, and (3) Tabuchi medium including 20 g/L CaCO3 at pH 6.1. 
 
 
Figure 4-2:  Enzymatic hydrolysis of α-cellulose under conditions applied in SSF cultivations. Varying 
buffers/media: (, solid line) 0.1 M sodium acetate buffer (pH 4.8) (reference), (, dashed line) 
Tabuchi medium without CaCO3 (pH 4.8), (, dotted line) Tabuchi medium without CaCO3 
(pH 6.1), (, dashed-dotted line) Tabuchi medium with 20 g/L CaCO3 (pH 6.1); incubation:  
60 g/L α-cellulose in the aforementioned buffers/media, 6 g/L rebuffered Celluclast®,  
T = 30°C, VL = 20 mL, n = 300 rpm, d0 = 50 mm, 250 mL Erlenmeyer flask. 
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Table 4-1:  Initial cellulase activities under conditions applied in SSF cultivations. 
Conditions Initial cellulase activity [U/mg] 
R² 
[-] 
0.1 M sodium acetate buffer, reference (pH 4.8) 0.071 ± 0.0009 0.999 
Tabuchi medium without CaCO3 (pH 4.8) 0.082 ± 0.0018 0.997 
Tabuchi medium without CaCO3 (pH 6.1) 0.030 ± 0.0010 0.996 
Tabuchi medium including 20 g/L CaCO3 (pH 6.1) 0.026 ± 0.0004 0.998 
Errors are given as standard deviations. Initial cellulase activities were calculated by applying a linear fit to 
reducing sugar concentration data from 0 h to 2 h (Figure 4-2).  
R2, coefficient of determination. 
 
The hydrolysis under reference conditions (0.1 M sodium acetate buffer, pH 4.8) started with 
an initial α-cellulase activity of 0.071 U/mg (Table 4-1) and almost reached saturation at a 
reducing sugar concentration of ca. 28.5 g/L after 48 h (Figure 4-2). The saturation is most 
probably reached due to high glucose concentrations (20.9 g/L) and the resulting product 
inhibition of the cellulases (Holtzapple et al., 1990). The hydrolysis performed in Tabuchi 
medium including CaCO3 at a pH 6.1 (final SSF medium) had an initial cellulase activity of 
only 0.026 U/mg. Moreover, the reducing sugar concentration was 11.5 g/L after 48 h, which 
corresponds to a final saccharification degree (Eq. 2-3) of only ca. 25% (with respect to the 
78% cellulose content in α-cellulose). These diminished activity values are caused either by 
the high pH value, a specific medium component, or both. To investigate the influence of 
CaCO3 and of the less acidic pH value in the Tabuchi medium, hydrolysis experiments in 
Tabuchi medium without CaCO3 were performed at pH values of 6.1 and 4.8. In Tabuchi 
medium without CaCO3 (pH 6.1), an initial cellulase activity of 0.03 U/mg (Table 4-1) and a 
reducing sugar concentration of 15.5 g/L (after 34 h) were measured (Figure 4-2). Since these 
results are similar to those with Tabuchi medium including CaCO3 (pH 6.1), the CaCO3 
buffer had only a slightly adverse effect on the cellulase activity at pH 6.1. The slightly 
reduced cellulase activity may be explained by the adsorption of cellulases on the surface of 
the CaCO3 crystals. By contrast, the hydrolysis curve for Tabuchi medium at pH 4.8 was 
nearly the same as the reference hydrolysis curve, and showed even slightly higher initial 
cellulase activities (0.082 U/mg) and a reducing sugar concentration of 31.2 g/L after 48 h. 
Consequently, the pH value of 6.1 could be identified as the major factor reducing the 
cellulase activity under SSF conditions. These results also indicated that, besides the CaCO3 
buffer, the other medium components did not significantly affect the cellulase activity. Since 
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xylose was not detected during all hydrolysis experiments, xylan (contained to 22% in  
α-cellulose, Table 3-1) was not hydrolyzed by Celluclast®. 
 
As shown in Figure 4-2, the Tabuchi medium (SSF medium) leads to a reduction in cellulase 
activity due to the increased pH value. According to Olofsson et al. (2008), however, there is 
always a compromise needed to find favorable SSF conditions (e.g. temperature and pH) for 
both cellulases and microorganisms. Thus, in most SSF processes, the temperature is 
normally kept below 37°C (cellulase optimum at 55°C; Olofsson et al., 2008), and a pH value 
of 5.0 or 5.5 is chosen (cellulase optimum at pH 4.8; Mandels and Sternberg (1976) or 
Chapter 3.2.3.6). To finally solve this problem, new cellulases have to be screened or known 
cellulases have to be genetically engineered, thereby generating cellulases with temperature 
and pH optima comparable to those of the applied SSF microorganism. For example, Liang et 
al. (2011) have recently found a cellulase with an expanded temperature profile, retaining 
reasonably high activities at reduced temperatures. Alternatively, common SSF 
microorganisms may be replaced by suitable thermophilic ones (Prasetyo et al., 2011) 
growing at a pH of 4.8 and at temperatures closer to the optimum of cellulases (55°C). 
Despite the challenge to develop cellulases and microorganisms with similar temperature and 
pH optima, one principal advantage of a SSF process is that the cellulases are less inhibited 
by the end-product glucose, since the glucose released during hydrolysis is directly consumed 
by the applied microorganism (Olofsson et al., 2008). 
4.3.2 Influence of Itaconic Acid on Cellulase Activity 
During SSF processes, cellulases are exposed to high concentrations of the fermentation 
products (such as ethanol, lactic acid, or itaconic acid). Therefore, it is important to study if 
the applied cellulases are inhibited by these products (Takagi, 1984). Figure 4-3 shows the 
enzymatic hydrolysis of α-cellulose (Figure 4-3A) as well as the derived cellulase activities 
(Figure 4-3B) in the presence of different itaconic acid concentrations (0-70 g/L) under SSF 
conditions. 
 
The specific cellulase activities varied only slightly (standard deviation: 0.003 U/mg) with 
respect to the arithmetic mean value of all hydrolysis experiments (ca. 0.019 U/mg) (Figure 
4-3B). All experiments with itaconic acid reached slightly higher specific cellulase activities  
(0.016 U/mg to 0.025 U/mg) compared to the hydrolysis experiment without itaconic acid 
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(0.015 U/mg). Therefore, no negative influence of itaconic acid on the specific activity of 
Celluclast® could be identified under the applied SSF conditions. Here, it should be noted that 
almost saturating concentrations of itaconic acid were applied, since the solubility of itaconic 
acid in pure water is 83 g/L at 20°C (Willke and Vorlop, 2001). According to Tagaki (1984), 
several acids (such as acetic acid, citric acid, itaconic acid, α-ketoglutaric acid, lactic acid, and 
succinic acid) scarcely inhibit cellulases. By contrast, ethanol as well as butanol are quite 
strong inhibitors of cellulases (Takagi, 1984). Consequently, the results from this current 
study as well as Tagaki`s study confirm the applicability of Celluclast® in SSF processes for 
itaconic acid production. 
 
 
Figure 4-3:  Influence of itaconic acid concentration on the cellulase activity. (A) Hydrolysis kinetics in the 
presence of different itaconic acid concentrations; (B) cellulase activity at different itaconic 
acid concentrations. Initial cellulase activities during hydrolysis experiments were calculated 
by applying a linear fit to reducing sugar concentration data (Figure 4-3A) from 0 h to 2 h. 
Here, the coefficients of determination were > 0.90 for each fit, and the coefficients of 
variation were < 6% for each activity value. Dashed line: arithmetic mean value for all 
measured activities. Black dotted lines: arithmetic mean value ± standard deviation for all 
measured activities; incubation: 60 g/L α-cellulose in Tabuchi medium with 20 g/L CaCO3  
(pH 6.1), 6 g/L rebuffered Celluclast®, T = 30°C, VL = 20 mL, n = 300 rpm, d0 = 50 mm,  
250 mL Erlenmeyer flasks.  
4.3.3 SSF for Itaconic Acid Production 
To prove the general feasibility of a SSF process producing itaconic acid, the wild type strain 
U. maydis MB215 was used. A batch cultivation with glucose as well as a SSF with  
α-cellulose as sole carbon source were analyzed in detail and compared (Figure 4-4). 
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The oxygen transfer rate (OTR) of the glucose batch (Figure 4-4A) increased sharply and 
peaked at 8.7 mmol/(L·h) after 13.5 h. Subsequently, it dropped until 24 h and then gradually 
declined until 96 h. After 96 h, the OTR finally dropped down to a value of 
1.5 mmol/(L·h). As confirmed by HPLC measurement (Figure 4-4B), the glucose was 
depleted at this final point (96 h). There was a distinct break in the OTR curve at the time 
point of 12 h (Figure 4-4A, black arrow) when the ammonium was exhausted (Figure 4-4C). 
The itaconic acid production started directly after this ammonium depletion. No further 
increase in itaconic acid could be detected after 132 h. Finally, an itaconic acid concentration 
of about 9.1 g/L was reached in this experiment. Once the ammonium was depleted and the 
itaconic acid production started, the pH of the culture (Figure 4-4C) decreased to a minimum 
of 5.5 after approximately 47.5 h. By contrast, when glucose was completely consumed after 
96 h, the pH value increased again due to cell lysis (proven by light microscopy, data not 
shown). 
 
 
Figure 4-4:  Glucose batch vs. simultaneous saccharification and fermentation (SSF) for itaconic acid 
production by using the U. maydis wild type strain MB215. (A, B, C) Batch cultivation with  
60 g/L glucose as sole carbon source (reference). The black arrow (A) indicates a distinct break 
in the OTR curve at the time point of 12 h when the ammonium was exhausted (C); (D, E, F) 
SSF with 60 g/L α-cellulose as sole carbon source and 6 g/L rebuffered Celluclast®; 
incubation: Tabuchi medium with 20 g/L CaCO3 (pH 6.1) and 0.267 g/L NH4Cl, T = 30°C, 
VL = 20 mL, n = 300 rpm, d0 = 50 mm, 250 mL Erlenmeyer flasks. 
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The final itaconic acid concentration of 9.1 g/L (produced with 60 g/L glucose, itaconic acid 
yield (YP/S) of 0.15 g/g) was relatively low compared to an established A. terreus production 
strain with 82.3 g/L itaconic acid (produced with 160 g/L glucose, YP/S of 0.51 g/g) (Yahiro et 
al., 1995). However, the aim of this study is to demonstrate the first proof-of-concept for the 
itaconic acid production in a SSF process. In this study, A. terreus could not be used as 
production host, since the applied cellulases are instable (Nagieb et al., 1985) and almost 
inactive (Chapter 3.2.3.6) at the low pH range required for itaconic acid production by  
A. terreus (pH 1.8-3.5, Riscaldati et al., 2000; Rychtera and Wase, 1981). 
 
In comparison to the glucose batch, the OTR curve of the SSF also rose sharply initially, 
showing a peak of 9.9 mmol/(L·h) after 11 h (Figure 4-4D). During this time period of up to 
11 h, the products resulting from cellulose hydrolysis (glucose, cellobiose, or all reducing 
sugars) accumulated (Figure 4-4E). The glucose concentration increased to 1.2 g/L after 7 h, 
because the initial cell concentration of U. maydis was too low to allow the direct 
consumption of all the released glucose. After 7 h, however, the total glucose uptake rate of 
the cells was sufficient for the complete consumption of the released glucose. Hence, the 
glucose concentration decreased and reached almost 0 g/L after 20 h; this decrease in glucose 
concentration was checked and reproduced in two additional SSF experiments (data not 
shown). In comparison, cellobiose accumulated (3.6 g/L after ca. 9.5 h) due to the low  
β-glucosidase activity in the applied cellulase mixture from T. reesei (Chapter 1.4.2.3). 
However, after 20 h, cellobiose was more rapidly converted to glucose, and the cellobiose 
concentration equaled 0 g/L after 36 h. In this time period (20-36 h), the glucose production 
exceeded meanwhile again the glucose consumption by U. maydis. This may be explained by 
the following reasons: (1) Due to the low glucose concentration after 20 h, the β-glucosidase 
was less inhibited by glucose (Holtzapple et al., 1990) and led to higher glucose production 
rates; (2) the interim glucose consumption by U. maydis was relatively low from 20-36 h, 
since ammonium was already depleted and the cells needed to adapt their metabolism. After 
47.5 h, the glucose was simultaneously consumed as soon it was produced. From this time 
point, the culture was carbon source-limited and exhibited a constant OTR (2-4 mmol/(L·h)) 
which is typical for fed-batch mode. The reducing sugar concentration was a sum of all sugar 
molecules (glucose, cellobiose, and oligosaccharides). The overall reducing sugar 
concentration peaked at 9.5 h at a concentration of 5.3 g/L. After 47.5 h, it was approximately 
0.1 g/L due to the presence of oligosaccharides produced during the hydrolysis of α-cellulose.  
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As a result of the enzymatic hydrolysis, the α-cellulose concentration decreased during the 
SSF experiment (27 g/L after 48 h) and reached a minimum of 2.7 g/L at 127 h (Figure 4-4E). 
This corresponded to saccharification degrees of 65% (48 h) and 95% (127 h), respectively. 
By contrast, in the separate hydrolysis experiment (Figure 4-2), a stagnant and significantly 
lower saccharification degree of 25% was reached after 48 h. This difference in 
saccharification clearly demonstrated that the cellulases were less inhibited during SSF 
because of the immediate consumption of glucose by U. maydis. This is one of the major 
benefits of SSF and leads to significantly increased saccharification degrees (Olofsson et al., 
2008). However, a small amount of cellulose remained unhydrolyzed (Figure 4-4E). Olofsson 
et al. (2008) listed the following reasons for incomplete cellulose hydrolysis in SSF processes: 
(1) inhibition of cellulases by the main products or by-products of the applied 
microorganisms, (2) enzyme inactivation, (3) unproductive enzyme adsorption, (4) decreasing 
availability of cellulose chain ends, and (5) increasing crystallinity with proceeding cellulose 
conversion. Since high residual cellulase activities of 72% or 69% were measured at the end 
of the SSF experiment (after 180 h) by using α-cellulose or filter paper as a substrate, 
cellulase inactivation could be ruled out. In addition, it should be noted that xylan – found up 
to 22% in α-cellulose (Table 3-1) – was not hydrolyzed by Celluclast®, and xylose was not 
detected via HPLC during separate hydrolysis and SSF experiments (data not shown). 
Consequently, the cellulose contained in α-cellulose was the sole carbon source during SSF. 
Moreover, xylan may cover the residual unhydrolyzed cellulose and render it inaccessible for 
a further enzymatic attack (Mosier et al., 2005). Therefore, xylan may be an additional reason 
for the small residual amount of cellulose at the end of the presented SSF experiment.  
 
Figure 4-4F depicts the pH course during the SSF experiment. The pH value decreased to 5.6 
until 36 h and then remained at a constant value of approximately 5.9. In contrast to the 
glucose batch (Figure 4-4C), no final increase in the pH value was detected. This indicates 
that no cell lysis occurred during SSF; due to the constant supply of glucose to the 
microorganisms. After the ammonium limitation (ca. 9.5 h, Figure 4-4F), the cells began to 
produce itaconic acid (Figure 4-4D). After 180 h, a maximum itaconic acid concentration of 
4.71 g/L was achieved via SSF. 
 
The reference batch cultivation reached an itaconic acid yield of 0.15 g/g (maximum 
theoretical yield: 0.72 g per g glucose). The SSF cultivation had a similar itaconic acid yield 
of 0.12 g/g (maximum theoretical yield: 0.8 g per g cellulose) with respect to the actual 
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cellulose content of α-cellulose. Within this study, an U. maydis wild type strain was used that 
was not particularly screened and optimized for itaconic acid production. Therefore, the 
itaconic acid yields of both U. maydis processes were relatively low compared to processes 
with optimized A. terreus production strains (itaconic acid yield of 0.51 g/g) (Yahiro et al., 
1995). As explained above, however, A. terreus can not be applied in SSF processes with 
cellulases from T. reesei, since A. terreus produces itaconic acid only in a pH range between 
1.8 and 3.5 (Riscaldati et al., 2000; Rychtera and Wase, 1981). At these highly acidic pH 
values, the industrially applied cellulase mixtures from T. reesei are almost inactive (Chapter 
3.2.3.6) and show very low stabilities (Nagieb et al., 1985). In conclusion, this study shows 
for the first time that cellulose can be directly converted to itaconic acid in just one step via 
SSF. Therefore, this study can be considered as the first proof-of-concept for a SSF process 
producing itaconic acid.  
4.4 Conclusions 
Chapter 4 presents for the first time a SSF process for itaconic acid production. In just one 
step, α-cellulose was hydrolyzed via cellulases, and the resulting glucose was simultaneously 
converted to itaconic acid by a not yet optimized U. maydis wild type strain. The proposed 
SSF is a promising integrated process allowing the production of itaconic acid from cellulosic 
biomass without the need of a separate hydrolysis step. 
 
In order to improve the overall productivity of the whole process, the applied cellulase 
mixture and the itaconic acid producing microorganism U. maydis need to be adapted to the 
requirements of the SSF. The applied cellulase mixture should be improved in such a way that 
the process optima of the cellulases (such as pH and temperature) are closer to the process 
optima of U. maydis (see discussion in Chapter 4.3.1). As mentioned before, a cellulase  
with an expanded temperature profile – retaining reasonably high activities at reduced 
temperatures – has already been found by Liang et al. (2011). Alternatively, a thermophilic 
strain of U. maydis – growing at temperatures closer to the optimum of cellulases (Prasetyo et 
al., 2011) – needs to be screened and applied. Furthermore, the process conditions should be 
further balanced to find a good compromise for both hydrolysis and fermentation. Since 
Celluclast® is intended for SHF processes, changing the cellulase composition of Celluclast® 
for SSF processes would also be beneficial. To improve the itaconic acid yield of the SSF, it 
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would be important to genetically engineer U. maydis. For example, genes/enzymes leading 
to the formation of undesired by-products, such as lipids (Klement et al., 2011), should be 
deleted. In the case of A. terreus, the biosynthesis of itaconic acid was already elucidated 
(Bonnarme et al., 1995; Kanamasa et al., 2008), and itaconic acid yields could be significantly 
increased (Yahiro et al., 1995). Equivalent research activities and improvements also need to 
be achieved with U. maydis. In addition, higher cellulose concentrations should be applied 
during SSF so that higher product concentrations are reached and the subsequent recovery of 
itaconic acid is more efficient. Finally, the whole process should be modeled to find an 
overall process optimum.  
 
In future studies, the developed SSF process need to be compared with a SHF process in 
which hydrolysis and fermentation are performed under independent optimal conditions. In 
order to combine the advantages of SHF and SSF, a hybrid process should be also 
investigated. Such process would consist of two conversion steps. First, cellulose is partially 
hydrolyzed to cellooligomers under optimal hydrolysis conditions – without the formation of 
inhibiting glucose or cellobiose concentrations. Second, U. maydis is added to perform a SSF 
process. During this SSF, the cellooligomers are hydrolyzed to glucose by cellulases, and the 
glucose is directly converted to itaconic acid by U. maydis, thereby avoiding the product 
inhibition of cellulases. 
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5 Summary, Conclusions, and Outlook 
Cellulose is an abundant and renewable resource which can be used for the sustainable 
production of platform chemicals such as itaconic acid. Because of its high number of 
functional groups, itaconic acid has a significant market potential and can be utilized for the 
production of established or novel products (such as synthetic rubber or the biofuel 
3-methyltetrahydrofuran). In contrast to non-selective approaches necessitating previous 
gasification, the biocatalytic conversion of cellulose to itaconic acid is a very promising 
approach due to its high selectivity, mild conditions, and low exergy loss. However, such 
biocatalytic processes are seldom applied at industrial scale since their single conversion steps 
exhibit low efficiencies or high costs. In general, these conversion steps are: pretreatment, 
hydrolysis, and fermentation. In order to allow a knowledge-based optimization of the 
biocatalytic process, an in-depth understanding of the individual conversion steps was 
generated within this thesis. In addition, new approaches as well as screening technologies 
were established, and the possibility of integrated process configurations was validated. 
 
In Chapter 2, cellulose was pretreated under mild conditions by applying the non-hydrolyzing 
protein swollenin – naturally produced in low yields by the fungus T. reesei. To yield 
sufficient swollenin for industrial applications, a new way of producing recombinant 
swollenin was presented. After expression in the yeast K. lactis, the resulting swollenin was 
purified. The adsorption parameters of the recombinant swollenin onto cellulose were 
quantified for the first time and were comparable to those of individual cellulases from 
T. reesei. Afterwards, four different insoluble cellulosic substrates were pretreated with 
swollenin. At first, it could be qualitatively shown by macroscopic evaluation, light 
microscopy and scanning electron microscopy that swollenin caused deagglomeration of 
cellulose agglomerates as well as dispersion of cellulose microfibrils (amorphogenesis/ 
decrystallization). Afterwards, the effects of swollenin on cellulose particle size, maximum 
cellulase adsorption (accessibility), and cellulose crystallinity were quantified. The 
pretreatment with swollenin resulted in a significant decrease in particle size of the cellulosic 
substrates as well as in their crystallinity, thereby substantially increasing maximum cellulase 
adsorption onto these substrates. Subsequently, the pretreated cellulosic substrates were 
hydrolyzed with cellulases. Here, pretreatment of cellulosic substrates with swollenin – even 
in non-saturating concentrations – significantly accelerated the hydrolysis. By correlating 
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particle size and crystallinity of the cellulosic substrates with initial hydrolysis rates, it could 
be shown that the swollenin-induced reduction in particle size and crystallinity resulted in 
high cellulose hydrolysis rates. In conclusion, recombinant swollenin was easily produced 
with the robust yeast K. lactis. For the first time, it was quantified and elucidated in detail 
how swollenin affects different cellulosic substrates and how it improves their subsequent 
hydrolysis. Since standard assays are missing for deagglomeration, amorphogenesis, and the 
comparison of different non-hydrolyzing proteins, the presented results may serve as an initial 
means to establish such assays for future studies. Moreover, a safe and environmentally 
friendly pretreatment can be achieved by simply incubating cellulosic substrates with 
swollenin under mild conditions. Depending on the applied feedstock, swollenin pretreatment 
may be a promising additional pretreatment step to open up the recalcitrant structure of 
cellulose.  
 
Besides the application of proper pretreatment techniques, the efficiency of the subsequent 
cellulose hydrolysis substantially depends on selecting the best performing cellulases and the 
optimal hydrolysis conditions. In order to screen these optimal parameters, practical cellulosic 
substrates and sophisticated cellulase assays are essential. Within Chapter 3, both 
requirements were addressed. 
 
In Chapter 3.1, insoluble α-cellulose was found to be an excellent practical substrate to screen 
and characterize the adsorption and the activity of cellobiohydrolases (CBH) and 
endoglucanases (EG). First, a novel and reproducible purification method was established to 
prepare the major cellulases from T. reesei (CBH I, CBH II, EG I, and EG II) with high 
purity. Second, CBH I and EG I were utilized in order to study and model the adsorption 
isotherms (Langmuir) and kinetics (pseudo-first-order). It was found that, using α-cellulose, 
the adsorption models fitted to the experimental data and yielded adsorption parameters (Amax, 
KD, kad) comparable to those for filter paper as an established model substrate. Third, the 
hydrolytic activities of the purified cellulases were analyzed in detail. Thereby, the sugar 
production patterns were determined – proving cellobiose as the major product of CBHs, and 
cellotriose, cellobiose, and glucose as the major products of EGs. When analyzing the kinetics 
of α-cellulose hydrolysis, the hydrolysis rates were constant at the start of the experiment but 
declined afterwards due to product inhibition or the alteration of physical cellulose properties 
(such as a decrease in cellulose accessibility and reactivity). Here, a simple semi-mechanistic 
model could be developed to precisely predict the kinetics of α-cellulose hydrolysis. 
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Moreover, the effects of pH and temperature on cellulase activity were analyzed and modeled, 
and optimal hydrolysis conditions were determined (pH: 4.8-5, temperature: 55-60°C). 
Fourth, the adsorption and the activity of cellulases were investigated under different 
hydrodynamic conditions (including liquid mixing and cellulose suspension). Here, the 
complete suspension of cellulose particles had to be ensured in order to optimize cellulase 
adsorption and activity. Finally, in order to compare α-cellulose with three typically used 
model substrates, the exact cellulase activities towards all four substrates were measured. 
Here, all purified CBHs and EGs displayed comparable activities only on insoluble  
α-cellulose. In conclusion, Chapter 3.1 showed in detail, for the first time, the effect of 
hydrodynamics on cellulase adsorption as well as the correlation between the adsorption and 
the activity of cellulases at different hydrodynamic conditions. Moreover, it was proven that 
α-cellulose is an excellent insoluble substrate to screen both CBHs and EGs. The presented 
results and models already allow an optimization of the enzymatic cellulose hydrolysis. 
However, further investigations are needed to gain a deeper understanding of cellulose 
hydrolysis and to establish fully mechanistic models accounting for all inherent actions during 
cellulose hydrolysis and for all physical properties of heterogeneous cellulose. These 
mechanistic models may also supply valuable information to optimize cellulose pretreatment, 
since the physical cellulose properties limiting subsequent hydrolysis may be specified by 
using such models. 
 
Despite the high number of cellulase assays, no assay has been developed so far that 
incorporates high-throughput, online analysis, and insoluble cellulosic substrates. In Chapter 
3.2, a sophisticated cellulase assay was developed that links all these relevant aspects. This 
assay is based on the BioLector technique – allowing online monitoring of scattered light 
intensities in a continuously shaken microtiter plate. At first, the hydrolysis of different 
insoluble cellulosic substrates, catalyzed by a cellulase mixture from T. reesei, was monitored 
using the BioLector. Thereby, the initial hydrolysis rates, obtained from the course of 
calibrated scattered light intensities, could be clearly verified by using a conventional 
reducing sugar assay. Thus, it was proven that cellulase activities could be quantitatively 
assayed via the BioLector. At low cellulase/cellulose ratios, the determined cellulase activities 
and Michaelis-Menten parameters were mainly affected by the crystallinity of the cellulose. 
Here, the apparent maximum cellulase activities inversely correlated with the crystallinity. At 
high cellulase/cellulose ratios, the particle size of the cellulose – defining the external surface 
area accessible to the cellulases – was the key determining factor for cellulase activity. 
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Additionally, the developed technique was successfully applied to evaluate and model the 
effect of pH value on cellulase activity. Finally, cellulase adsorption as well as the non-
hydrolytic effect (cellulose deagglomeration) of cellulases and swollenin could be analyzed 
by using scattered light detection. In conclusion, the first sophisticated cellulase assay was 
presented which simultaneously combines high-throughput, online analysis, and insoluble 
cellulosic substrates in one simple system. The developed technique can be used for assaying 
cellulase adsorption as well as cellulase activity. By using microtiter plates, it allows a 
comprehensive characterization of cellulases within one single experiment, thereby, analyzing 
the influence of pH value, cellulose, and cellulase concentration. Moreover, it yields a large 
amount of measurements that are needed for mechanistic models of cellulose hydrolysis. 
Consequently, the presented technique may substantially accelerate fundamental research on 
cellulase screening. However, it should be noted that, up to now, initial cellulase activities 
were determined by using the BioLector. Once detailed mechanistic models are established, 
progress curve analysis should be applied in order to analyze cellulase kinetics and further 
phenomena such as enzyme inactivation from one BioLector curve. 
 
Up to now, itaconic acid has solely been produced via conventional fermentations using 
directly fermentable carbon sources such as glucose. In Chapter 4, the first integrated process 
was developed to directly convert cellulose to itaconic acid via simultaneous saccharification 
and fermentation (SSF). At first, the separate enzymatic hydrolysis of α-cellulose was 
investigated under SSF conditions and compared with conventional hydrolysis conditions. 
Here, cellulase activities diminished in the applied Tabuchi medium due to its inappropriate 
pH value of 6.1. After 48 h, only 25% of cellulose was hydrolyzed because of the reduced 
cellulase activities and the strong product inhibition by the released sugars. Additionally, a 
potential inhibitory effect of itaconic acid was investigated. However, itaconic acid 
concentrations of up to 70 g/L did not inhibit the applied cellulases. During the SSF,  
α-cellulose was hydrolyzed by cellulases, and the released glucose was simultaneously 
converted to itaconic acid by a not yet optimized U. maydis wild type strain. The SSF process 
was comprehensively analyzed and compared with an ordinary batch fermentation using 
glucose as sole carbon source. During SSF, over 95% of cellulose was hydrolyzed which is 
significantly higher than the yield of separate hydrolysis under SSF conditions. This increase 
in hydrolysis yield illustrated that the cellulases were less inhibited during SSF due to the 
direct consumption of glucose by U. maydis. After the depletion of ammonium, U. maydis 
converted the consumed glucose to itaconic acid. The final itaconic acid yield of the SSF 
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(0.12 g/g) was comparable to that of the glucose batch fermentation (0.15 g/g). In conclusion, 
Chapter 4 showed for the first time that itaconic acid can be produced in just one step via 
SSF. This integrated process configuration will allow the production of itaconic acid from 
cellulose without the need of a separate hydrolysis step. Consequently, the SSF will prevent 
the product inhibition of cellulases and will remarkably reduce the investment costs of 
biocatalytic processes. In order to increase the yield and productivity of the SSF, the applied 
cellulases and the U. maydis strain need to be improved in such a way that the process optima 
of both biocatalysts are closer to each other. Moreover, the formation of undesired  
by-products (such as lipids) needs to be eliminated by genetic engineering of U. maydis. 
Furthermore, the whole process should be modeled to find an overall process optimum.  
 
Within this thesis, a detailed understanding of the biocatalytic conversion of cellulose to 
itaconic acid was generated. Not only all essential conversion steps (pretreatment, hydrolysis, 
and fermentation) were investigated in detail, but also novel approaches as well as 
technologies could be developed. Rather than establishing the complete conversion process, 
the limiting factors of the single conversion steps were determined. Furthermore, this work 
highlighted that integrated process configurations are promising alternatives to sequentially 
performed unit operations. Based on the presented results, a knowledge-based improvement 
of the whole biocatalytic process can be achieved. Thereby, the newly developed (integrated) 
approaches and technologies may contribute to the optimization procedure.  
 
Nevertheless, further investigations are needed to gain a deeper understanding of the single 
conversion steps and to establish mechanistic models, especially in the case of cellulose 
hydrolysis. In order to perform the biocatalytic conversion of cellulose to itaconic acid at 
industrial scale, further aspects need to be addressed. At first, the biocatalysts have to be 
improved so that higher yields and productivities can be achieved. Moreover, product 
recovery and the recycling of water as well as biocatalysts have to be considered, since both 
aspects are essential for industrial processes. For example, (in-situ) ultrafiltration should be 
implemented in a continuous SSF process, thereby allowing the retention of cellulases, 
microorganisms, and unconverted cellulose. Furthermore, the aspects analyzed here for 
cellulosic substrates should be transferred to real lignocellulose also containing hemicellulose, 
lignin, and additional impurities. Thereby, even higher levels of process integration, such as 
simultaneous saccharification and co-fermentation (SSCF) or consolidated bioprocessing 
(CBP) should be addressed. Ultimately, the evaluation and model-based synthesis of the 
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complete process chain needs to be performed, since pretreatment, hydrolysis, fermentation, 
product recovery as well as recycling steps are strongly associated and need to be harmonized.  
 
In conclusion, an in-depth understanding of the biocatalytic conversion of cellulose to 
itaconic acid was established within this thesis by analyzing all essential conversion steps 
(pretreatment, hydrolysis, and fermentation). This understanding is the fundamental basis for 
further improvements and paves the way for economically feasible production processes 
converting cellulose to platform chemicals such as itaconic acid. 
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Appendix 
Appendix A: Single Chromatographic Purification Steps 
As described in Chapter 3.1.3.1, several chromatographic steps for purifying CBH I, CBH II, 
EG I, and EG II were performed. Figure 3-2 shows a flow diagram for these chromatographic 
steps. After every purification step, the fractions were comprehensively analyzed by SDS-
polyacrylamide gel electrophoresis and cellulase activity assays using Avicel and CMC to 
differentiate CBHs and EGs, respectively. The chromatograms and fraction analysis 
(including SDS-polyacrylamide gel electrophoresis and cellulase activity assay) of each 
purification step are listed within this section. Moreover, the cellulases (CBH I, CBH II, EG I, 
and EG II) are marked within the SDS-polyacrylamide gels. These cellulases could be 
identified based on: molecular mass and isoelectric points (Table 1-2), determined cellulase 
activities (shown within the chromatograms), and mass spectrometry (data not shown). 
 
 
Figure A-1:  Chromatographic purification step I according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: anion exchange chromatography, sample:  
7.5 mL desalted Celluclast®, the purification procedure is described in Chapter 3.1.2.2; 
cellulase activity assay: 10 g/L Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8),  
200 µL of the respective fraction, T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction 
time: 120 min (Avicel), 10 min (CMC). Avicel and CMC are model substrates to differentiate 
CBHs and EGs, respectively (Ghose, 1987; Zhang et al., 2006). 
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Figure A-2:  Chromatographic purification step I according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-1. The cellobiohydrolases (CBH) and endoglucanases (EG) could 
be identified based on: molecular mass and isoelectric points (Table 1-2), determined cellulase 
activities (Figure A-1), and mass spectrometry (data not shown); 12% polyacrylamide gel, the 
same volume of the collected fractions (15 µL) was loaded onto the particular slots. 
 
 
 
 
 
 
 
 
 
 
 
 
CBH II 
EG II 
EG I 
CBH I 
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Figure A-3:  Chromatographic purification step II according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: hydrophobic interaction chromatography, 
sample: 0.375 mL concentrated fractions of chromatographic purification step I (fractions: 2, 3, 
4; two runs), the purification procedure is described in Chapter 3.1.2.2; cellulase activity assay: 
10 g/L Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8), 200 µL of the respective 
fraction, T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 120 min (Avicel),  
10 min (CMC). Avicel and CMC are model substrates to differentiate CBHs and EGs, 
respectively (Ghose, 1987; Zhang et al., 2006). 
 
 
Figure A-4:  Chromatographic purification step II according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-3. The cellobiohydrolases (CBH) and endoglucanases (EG) could 
be identified based on: molecular mass and isoelectric points (Table 1-2), determined cellulase 
activities (Figure A-3), and mass spectrometry (data not shown); 12% polyacrylamide gel, the 
same volume of the collected fractions (15 µL) was loaded onto the particular slots. 
EG II 
CBH II 
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Figure A-5:  Chromatographic purification step III according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: cation exchange chromatography, sample: 
0.375 mL concentrated fractions of chromatographic purification step I (fractions: 8, 9, 10; two 
runs), the purification procedure is described in Chapter 3.1.2.2; cellulase activity assay: 10 g/L 
Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8), 200 µL of the respective fraction,  
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 120 min (Avicel), 10 min 
(CMC). Avicel and CMC are model substrates to differentiate CBHs and EGs, respectively 
(Ghose, 1987; Zhang et al., 2006). 
 
 
Figure A-6:  Chromatographic purification step III according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-5. The endoglucanase (EG) could be identified based on: molecular 
mass and isoelectric points (Table 1-2), determined cellulase activities (Figure A-5), and mass 
spectrometry (data not shown); 12% polyacrylamide gel, the same volume of the collected 
fractions (15 µL) was loaded onto the particular slots. 
EG I 
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Figure A-7:  Chromatographic purification step IV according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: size exclusion chromatography, sample:  
0.6 mL concentrated fractions of chromatographic purification step I (fractions: 18, 19; two 
runs), the purification procedure is described in Chapter 3.1.2.2; cellulase activity assay: 10 g/L 
Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8), 200 µL of the respective fraction,  
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 120 min (Avicel), 10 min 
(CMC). Avicel and CMC are model substrates to differentiate CBHs and EGs, respectively 
(Ghose, 1987; Zhang et al., 2006). 
 
 
Figure A-8:  Chromatographic purification step IV according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-7. The cellobiohydrolase (CBH) could be identified based on: 
molecular mass and isoelectric points (Table 1-2), determined cellulase activities (Figure A-7), 
and mass spectrometry (data not shown); 12% polyacrylamide gel, the same volume of the 
collected fractions (15 µL) was loaded onto the particular slots. xxxxxxxxx    
CBH I 
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Figure A-9:  Chromatographic purification step V according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: size exclusion chromatography, sample:  
0.5 mL concentrated fractions of chromatographic purification step II (fractions: 4, 5; eight 
runs), the purification procedure is described in Chapter 3.1.2.2; cellulase activity assay: 10 g/L 
Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8), 200 µL of the respective fraction,  
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 120 min (Avicel), 10 min 
(CMC). Avicel and CMC are model substrates to differentiate CBHs and EGs, respectively 
(Ghose, 1987; Zhang et al., 2006). 
 
 
Figure A-10:  Chromatographic purification step V according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-9. The endoglucanase (EG) could be identified based on: molecular 
mass and isoelectric points (Table 1-2), determined cellulase activities (Figure A-9), and mass 
spectrometry (data not shown); 12% polyacrylamide gel, the same volume of the collected 
fractions (15 µL) was loaded onto the particular slots. 
EG II 
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Figure A-11:  Chromatographic purification step VI according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: size exclusion chromatography, sample:  
0.5 mL concentrated fractions of chromatographic purification step II (fractions: 8, 9, 10; eight 
runs), the purification procedure is described in Chapter 3.1.2.2; cellulase activity assay: 10 g/L 
Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8), 200 µL of the respective fraction,  
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 120 min (Avicel), 10 min 
(CMC). Avicel and CMC are model substrates to differentiate CBHs and EGs, respectively 
(Ghose, 1987; Zhang et al., 2006). 
 
 
Figure A-12:  Chromatographic purification step VI according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-11. The cellobiohydrolase (CBH) could be identified based on: 
molecular mass and isoelectric points (Table 1-2), determined cellulase activities (Figure 
A-11), and mass spectrometry (data not shown); 12% polyacrylamide gel, the same volume of 
the collected fractions (15 µL) was loaded onto the particular slots. xxxxxxxxx    
CBH II 
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Figure A-13:  Chromatographic purification step VII according to Figure 3-2: chromatogram and cellulase 
activities of the collected fractions; purification: size exclusion chromatography, sample:  
0.6 mL concentrated fractions of chromatographic purification step III (fractions: 2; 15 runs), 
the purification procedure is described in Chapter 3.1.2.2; cellulase activity assay: 10 g/L 
Avicel or CMC in 0.1 M sodium acetate buffer (pH 4.8), 200 µL of the respective fraction,  
T = 45°C, VL = 1 mL, n = 1000 rpm, d0 = 3 mm, reaction time: 120 min (Avicel), 10 min 
(CMC). Avicel and CMC are model substrates to differentiate CBHs and EGs, respectively 
(Ghose, 1987; Zhang et al., 2006). 
 
 
Figure A-14:  Chromatographic purification step VII according to Figure 3-2: SDS-polyacrylamide gel 
electrophoresis of the collected fractions. (M) Molecular mass marker, fraction numbers refer 
to those shown in Figure A-13. The endoglucanase (EG) could be identified based on: 
molecular mass and isoelectric points (Table 1-2), determined cellulase activities (Figure 
A-13), and mass spectrometry (data not shown); 12% polyacrylamide gel, the same volume of 
the collected fractions (15 µL) was loaded onto the particular slots. 
EG I 
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Appendix B: Protein Markers 
Table B-1:  Description, source, and apparent molecular mass of the prestained proteins within the 
Prestained Protein Marker (New England Biolabs, Ipswich, USA). 
Descriptiona Sourcea Apparent molecular mass [kDa]a 
MBP-β-galactosidase E. coli 175 
MBP-paramyosin E. coli 83 
MBP-chitin binding domain E. coli 62 
Aldolase Rabbit muscle 47.5 
Triosephosphate isomerase E. coli 32.5 
β-Lactoglobulin A Bovine milk 25 
Lysozyme Chicken egg white 16.5 
Aprotinin Bovine lung 6.5 
MBP, maltose-binding protein.  
a
 According to manufacture’s data. 
 
 
Table B-2:  Description, source, and apparent molecular mass of the prestained proteins within the Plus 
Prestained Protein Ladder (Fermentas, Burlington, CA).  
Descriptiona Sourcea Apparent molecular mass [kDa]a 
Recombinant proteinb Prokaryoteb 250 
Recombinant proteinb Prokaryoteb 130 
Recombinant proteinb Prokaryoteb 100 
Recombinant proteinb Prokaryoteb 70 
Recombinant proteinb Prokaryoteb 55 
Recombinant proteinb Prokaryoteb 35 
Recombinant proteinb Prokaryoteb 25 
Recombinant proteinb Prokaryoteb 15 
Recombinant proteinb Prokaryoteb 10 
a
 According to manufacture’s data. 
b
 No additional information available; nondisclosure of the manufacture. 
 
 
 
 
Lebenslauf   164
Lebenslauf 
Name, Vorname Jäger, Gernot 
Geburtsdatum:   11.04.1983 
Geburtsort:   Hilden 
Staatsangehörigkeit:   Deutsch 
 
Ausbildung 
1989 - 1993   Evangelische Grundschule, Erkelenz 
 
1993 - 2002   Abitur: Cusanus Gymnasium, Erkelenz 
 
2002 - 2005  Studium: Biotechnologie (Bachelor of Science), RWTH Aachen 
  Abschlussarbeit: „Untersuchung des Suspendierzustandes von 
Hydrogelkugeln für die Enzymimmobilisierung im gerührten 
Reaktor“, RWTH Aachen 
 
2005 - 2007  Studium: Biotechnologie (Master of Science), RWTH Aachen 
  Abschlussarbeit: „Konstruktion, Expression, Reinigung und 
Charakterisierung von CD30-Rezeptor bindenden Immunkinasen 
(DAPK-basierend)“, Fraunhofer IME 
 
Berufstätigkeit 
2008 - 2011  Doktorand / Wissenschaftlicher Mitarbeiter 
  Aachener Verfahrenstechnik - Bioverfahrenstechnik 
  (Prof. Dr.-Ing. Jochen Büchs), RWTH Aachen 
 
seit 2011  Post-Doc / Wissenschaftlicher Mitarbeiter 
  Aachener Verfahrenstechnik - Bioverfahrenstechnik 
  (Prof. Dr.-Ing. Jochen Büchs), RWTH Aachen 
 
